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ABSTRACT
Two aspect« o f  the human inriune respon se  to tetanus 
toxo id  were in v estig a ted , v i s :  the k i n e t ic *  o f  the response o f  
pregnant fem ales to  tetanus toxo id  itmnuni r a t  ion  with r esp ec t  to 
the insnunity conferred  on th e ir  ba b ies ; and the in v i t r o  lympho­
cyte  response to  tetanus toxo id  o f  r e a c to rs  t o  tetanus v a cc in a tion .
V ariab les  a f fe c t in g  the tech n iqu es f o r  measuring the 
humoral insnune response to  tetanus toxo id  w ere determ ined, and a 
method fo r  a n titox in  t it r a t io n  was dev ised  w hich  required on ly  a 
small volume o f  serum. A n titox in  d eterm in ation s  in  cord  sera  
c o lle c te d  at d e liv ery  in d icated  the r e la t i o n  between tim ing  o f  
tetanus tox o id  in je c t io n s  in  the mother and the development o f  an 
acceptab le  le v e l  o f  p ro te ct ion  in  the b a b ie s .  A nalysis o f  the 
cord/m aternal an titox in  r a t io s  showed th at a c t iv e  tran sport o f  
maternal a n tito x in  to the foetu s can o c c u r ,  and a p o ss ib le  
nmchanism fo r  th is  is  d iscu ssed . The tr a n sp la ce n ta l passage o f  
tetanus tox o id  i t s e l f  was in vestiga ted  by th e  use o f  an in d ir e c t  
insminofluorescence technique fo r  the d e t e c t io n  o f  te ta n u s -s p e c if i c  
IgM in cord  se r a . No s p e c i f i c  IgM was fou nd  in  the cord  se r a , 
however, but assays fo r  te ta n u s -s p e c ific  IftM in  maternal sera  
in d icated  that th is  inmunoglobulin i s  o f t e n  produced in  response 
to  second in je c t io n s  o f  tetanus toxo id .
Lymphocyte r e a c t iv ity  in  v it r o  was determined by lympho­
cyte  transform ation  in the presence o f  te ta n u s  toxoid  and PHA, as 
measured by the uptake o f  t r i t ia t e d  th ym id in e . Only a few o f  the 
severe rea c to rs  showed any evidence o f  an in crea sed  in v i t r o  
response to  tetanus tox o id , but a c le a r cu t  in verse  r e la t io n  between 
age and lyng>hocyte r e a c t iv ity  to  tetanus t o x o id  was demonstrated. 
Such an a g e -re la ted  d eclin e  in  lymphocyte r e a c t iv i t y  to  a s p e c i f i c  
antigen in v i t r o  has not been p rev ious ly  r e p o r te d  a ppa ren tly . The 
relevance o f  th is  fin d in g  to  current insnunolog ical th eor ie s  o f  
ageing is  d iscu ssed .
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INTRODUCTION
For s tu d ies  on the human insnune response to  vaccin es, 
tetanus toxo id  i s ,  in many ways, an idea l an tigen . A major 
advantage is  that the iosnune response to th is  antigen is  not 
com plica ted  by the presence o f  an tibod ies  r esu lt in g  from c l in ic a l  
or  s u b c l in ic a l  in je c t io n s  -  at le a s t , there i s  no evidence for  
th is  in  man. Furthermore, tetanus toxo id  i s  a r e la t iv e ly  pure 
antigen whose e f f e c t s  can be evaluated b i o lo g ic a l ly  in terms o f  
to x in -n e u tra lis in g  antibodies as w ell as by immunochemical methods. 
Studies on a spects  o f  humoral immunity in  the f i e ld  o f  prevention 
o f  neonatal tetanus by maternal inmunization, and on c e llu la r  
immunity in  r e a c to rs  to  tetanus toxo id  imnunization are reported 
h ere .
The tru e  incidence o f  neonatal tetanus is  unknown in 
many areas o f  the w orld , but Bytchenko (1966) estim ates that up 
to o n e -th ird  o f  a l l  cases o f  tetanus occur in neonates. A ccording 
to  M ille r  (19 72 ), tetanus during the f i r s t  month o f  l i f e  accounts 
fo r  on e-quarter to  on e-ha lf o f  a l l  tetanus deaths. Newborn b a b ies , 
th e r e fo r e , c o n s t itu te  the largest s in g le  group requ ir in g  p ro te ction  
from tetanus.
In the type o f  develop ing, t r o p ic a l ,  rural community in 
which tetanus neonatorum is  most p reva len t, the d ir e c t  and lo g ic a l  
approach to  i t s  p reven tion , i . a .  by improving standards o f  hygiene 
in the d e liv e r y  and care o f  newborn babies i s  not the most 
p r a c t ic a b le . N on-cooperation  in tra in in g  programmes on the part 
o f  the t r a d it io n a l midwives, and the general econom ic, s o c ia l and 
cu ltu ra l c h a r a c t e r is t i c s  o f  the populations concerned are la rge ly  
respon s ib le  fo r  making such an approach unworkable (Barten, 1969; 
Chen, 1974; Yunes e t  a l . ,  1974). The a lte rn a tiv e  means o f  
p revention  by p renatal insnunization o f  the mothers with consequent 
passage o f  p ro t e c t iv e  an titox in  to  th e ir  babies is  the more 
e f fe c t iv e  and econom ica l. Of course, widespread immunization 
programmes are not w ithout th e ir  own problems, some o f  which have
been s p e c i fie d  by MacLennan e t al. (1 9 6 5 )  as s c a r c ity  o f  s t a f f ;  
lim ited  coimsunication; and the d i f f i c u l t i e s  o f  keeping an 
i l l i t e r a t e  popu lation  to a schedule o f  appointments w ith 
va ccin a tors . Such d i f f i c u l t i e s  and r e s t r i c t i o n s  make i t  a l l  
the more ii^>ortant that r e lia b le  g u id e l in e s  fo r  e f f i c i e n t  
irnnuni za tion  procedures be p rov ided, b a s e d  on a determ ination  
o f  the parameters governing a n tito x in  p rod u ction  in  the mothers 
and i t s  transport to th e ir  ba bies .
Several f i e ld  t r ia l s  have b e e n  conducted on the 
prevention  o f  neonatal tetanus by m a tern a l immunisation, the 
resu lts  o f  which have v e r i f ie d  the g e n e r a l  e f fe c t iv e n e s s  o f  the 
procedure, and in d icated  some o f  the l im it a t i o n s . I t  has been 
shown th at, w hile two o r  three s u it a b ly  spaced in je c t io n s  o f  
f lu id  tetanus toxo id  in  the mothers a r e  capable o f  p reven ting  
o r  s ig n if ic a n t ly  reducing the in c id e n ce  o f  neonatal tetanus 
(S c h o fie ld , Tucker A Westbrook, 1 9 61 ), immunisation with 
adsorbed toxo id  i s  s »r e  e f fe c t iv e  a t p r o v id in g  the p ro t e c t iv e  
le v e l o f  0 .0 1  unit per ml o f  tetanus a n t i t o x in  in  cord  sera 
(S u ri, M illion  A Crewal, 1964). In b o t h  these s tu d ie s , three 
in je c t io n s  were found to be more e f f e c t i v e  than two. Suri e t a l .
(1964) reported a ls o  that none o f  the 19 su b jects  g iven  a s in g le  
dose o f  adsorbed toxo id  le s s  than 30 d a y s  be fore  d e liv e r y  gave 
cord b lood  t i t r e s  o f  0.01  unit per ml o r  more. MacLennan e t  a l .
(1965) confirmed the su p e rio r ity  o f  a d so r b e d  toxoids over  the 
f lu id  type p a r t ic u la r ly  in  terms o f  th e  p ers is ten ce  o f  the 
antibody foramd. O il-ad juvant to x o id s  produced even more 
p ers is ten t  t i t r e s ,  but a lso  gave u n a c ce p ta b le  s id e - e f f e c t s .
In a dou b le -b lin d  c o n t r o l le d  f i e l d  t r ia l ,  Newell e t  a l .
(1966) showed that two o r  three i n j e c t i o n s  o f  10 Lf o f  adsorbed 
toxo id  e f fe c t iv e ly  elim inated tetanus neonatorum fo r  a p eriod  o f  
f iv e  years. In th is  study, two i n j e c t i o n s ,  given s ix  weeks apart, 
were found to  be as e f fe c t iv e  as th ree  in je c t i o n s  in preventing  
tetanus anong the 341 babies born to  m others immunized during 
pregnancy o r  up to  f iv e  years b e fo r e . In  a s im ilar  group o f  347
women who re ce ived  no t o x o id , 27 case* o f  tetanus o ccu rred . One 
in je c t io n  d id  not reduce the in c iden ce  o f  tetanus s ig n if ic a n t ly .
The r e s u lts  o f  s e r o lo g ic a l  in v e s t ig a t io n s  on the group (Newell 
et a l . ,  1971) confirmed the f in id n g s  o f  the c l i n i c a l  t r ia l  in 
that 90Z o f  the su b je c ts  who rece ived  two d oses o f  toxoid  had 
p r o te c t iv e  t i t r e s  fo r  up to  f i v e  years. I t  was a ls o  observed 
that a n tito x in  t i t r e s  were d ir e c t ly  r e la ted  to  the in terva l 
between in je c t i o n s , and in v e r s e ly  re la ted  t o  age.
S ta n f ie ld , G a ll * Bracken (1971) examined the e f fe c t s  
o f  var iou s vaccin e  sched u les , dosages o f  to x o id , and types o f  
adjuvants in  an e f fo r t  to  reduce the number o f  in je c t io n s  required 
to  ach ieve p ro te ct io n  w ith  the u ltim ate goal o f  p rov id in g  an 
e f fe c t iv e  one-dose sched u le . The best s in g le -d o se  schedule tested  
was 10O Lf o f  an adsorbed to x o id  con ta in in g  the quaternary 
ammonium adjuvant "Arquad 2HT "w hich  achieved p ro t e c t iv e  le v e ls  o f  
a n tito x in  in  83* o f  the m others when the in je c t i o n s  were given at 
lea st 60 days be fore  d e l iv e r y .  These workers a ls o  esta blished  
the fa c t  that the tra n sfe r  o f  an titox in  to  the fo e tu s  i s  more e f fe c t iv e  
and rap id  a f t e r  two doses o f  toxo id  than i t  i s  a f t e r  a s in g le  dose .
R ecen tly , D h illon  * Mehon (1975) reported  on th e ir  
in v e s tig a tio n s  in to  the e f f e c t  o f  varying the time in terva l 
between two in je c t io n s  o f  5 Lf o f  adsorbed toxo id  over periods 
ranging from 4 to  16 weeks. The recommendation emanating from the 
study was th  . the two in je c t i o n s  should be g iven  not le s s  than 12 
weeks apart w ith the second a t  lea st  4 weeks from d e l iv e r y , although 
i t  was conceded that th is  schedule i s  not always f e a s ib le .
S ince the f in d in g s  in d ica te  that the tim ing o f  maternal 
immunization may p lay an im portant r o le  in  determ ining the lev e l 
o f  p ro te c t io n  con fe rred , a study was undertaken to  determine the 
r e la t io n  between the tim ing o f  the tetanus toxo id  in je c t io n s  in  the 
mother and the presence o f  p r o te c t iv e  a n tito x in  t i t r e s  at d e liv e ry  
in  the b a b ies . S p e c i f i c a l ly ,  the questions to  be answered were how 
long b e fo re  d e liv e r y  must the f i r s t  o f  a two-dose schedule of 
tetanus tox o id  in je c t io n s  be g iven  in  order to  p rov id e  a reasonable
p ro b a b il i t y  o f  p ro te c t io n ; and how la te  in pregnancy might a 
s in g le  dose o f  toxo id  be e f f e c t iv e .  To provide the answers, a 
s e r ie s  o f  pregnant women were in je cte d  at d iffe r e n t  times 
during gesta tion  with two doses o f  a standard com m ercially 
a v a ila b le  adsorbed toxo id  with the usual s ix  weeks in te rva l 
between in je c t i o n s , /m aternal and cord  b loods were c o lle c t e d  
at d e liv e r y  and subsequently t it r a t e d  fo r  an titox in  con tent.
I t  is  G i l l 's  hypothesis (1973) that antigens such 
as tetanus toxo id  can a ls o  cross  the p lacenta , and stim ulate 
the fo e tu s . Leiken A Oppenheim (1971) and Cramer, Kunz A G il l  
(1974) c la im  that exposure o f  the foetus to antigen  in  th is  
manner can ju st  as r e a d ily  se n s it iz e  the foetus as render i t  
p a r t ia l ly  to le r a n t, and c i t e  as evidence for  s e n s it iz a t io n  
the a lte re d  immune r e a c t iv ity  o f  the foetus fo r  antigens -  
i . e .  as id e  from in fe c t io u s  agents -  to  which the mother has 
been exposed in te n tio n a lly  or  a cc id e n ta lly  during pregnancy.
The determ ination o f  the transp la centa l passage o f  tetanus 
tox o id  depends on the production  o f  a s p e c i f i c  inroune response 
by the fo e tu s . It has oeen shown that the capacity  fo r  immune 
responsiveness i s  acquired  f a ir ly  e a r ly  in  fo e ta l development 
(van F urth , Schuit A Hijmans, 196S; P r in d u ll, 19 74 ), and i t  i s  
w e ll  known that various congen ital in fe ct io n s  re su lt  in  the 
p rodu ction  o f  measurable amounts o f  fo e ta l IgM (Eichenwald A 
S h in e f ie ld , 1963; Sever, 1969 ;, so  i t  may be expected that 
such a f o e ta l response w i l l  occur in the presence o f  tetanus 
to x o id  w ith  production  o f  te ta n u s -sp e c ific  IgM. Hence, the 
p resence o f  s p e c i f i c  IgM in  cord sera was in vestiga ted  as a means 
o f  te s t in g  G i l l 's  h ypoth esis .
Investigations in to  these aspects o f  the humoral inxnune 
response to  tetanus toxo id  require the measurement o f  tetanus 
a n t ito x in  and a method fo r  de te c tin g  the IgM cong>onent o f  the 
a n t i t o x in . However, e x is t in g  methods fo r  the t it r a t io n  o f  
tetanus a n titox in  by tox in  n eu tra liz a tion  do not provide a means 
o f  conducting  assays on small volumes o f  serum with accuracy and
s e n s it iv i ty . The need f o r  such a method is  rea l since in  those 
developing countries where tetanus is  a problem the c o l le c t io n  
o f  adequate volumes o f  t e s t  sauries is  a lso  a problem.
In response to  th is  need, th e r e fo r e , a method for  
t it r a t in g  tetanus a n t ito x in  by toxin  n eu tra lisa tion  was 
investigated  which conserved  serum by making comparisons on 0 . 3 
ml serum samples aga inst 0 .3  ml volumes o f  an equine standard 
d ilu ted  to  a concen tra tion  o f  ten times that required to  be 
assayed in  the te st sam ple. The technique was designed to 
w asure from 0.001 u n it p er  ml o f  an titox in  up to  any higher 
concentration  in  tw ofold  serum d ilu tio n s . The in flu en ce  o f  such 
variables  as the body w eigh t o f  the mice used in  the toxin  
n eu tra liza tion  te st was a l s o  investigated .
To avoid the n e ce s s i ty  fo r  the la rge  number o f  mice 
that the t it r a t io n  o f  teta n us an titox in  by tox in  n eu tra lisa tion  
in  twofold serum d ilu t io n s  would otherwise e n t a i l ,  a p r io r  
assessment o f  the a n t i t o x in  content is  made by the in d ir e ct  
haemagglutination tech n iqu e . This technique can a lso  be used 
as a re lia b le  screening procedure for  the presence o f  an titox in  
because o f  i t s  high s e n s i t i v i t y .  A system atic  in v estig a tion  o f  
the variables  a f fe c t in g  the in d ire ct  haem agglutination te s t  fo r  
tetanus an titox in  was undertaken with a view to  a tta in ing  maximum 
s e n s it iv ity  in the te s t  system  by the ap p lica tion  o f  optimal 
cond ition s. The use o f  2-m ercaptoethanol in  the d ilu en t as a 
limans o f  in a ctiva tin g  the IgM component o f  the tetanus a n tito x in , 
and so isqiroving the c o r r e la t i o n  between the tox in  n e u tra li­
sa tion  and in d ire ct  haem agglutination t e s t s ,  was a lso  in vestiga ted .
Despite the h igh  s e n s it iv i ty  o f  the in d ir e ct  haem­
agglutination  technique, the requirement fo r  a fo u rfo ld  d iffe r e n ce  
in  t it r e s  fo r  s ig n if ic a n c e  which is  n ecess ita ted  by i t s  inherent 
v a r ia b il ity  lim its  i t s  va lu e  as a method fo r  de te c tin g  small amounts 
o f  s p e c i f i c  IgM on the b a s is  o f  the d iffe r e n ce  between t it r e s  
be fore and a fte r  treatm ent o f  the serum with 2-m ercaptoethanol.
Zimmerman 4 H ill  (1969) encountered th ie  problem when they 
a t t e s t e d  to demonstrate the fo e ta l p roduction  o f  strep tococca l 
antibody by haem agglutination . They found that the t i t r e s  
obtained with M p ro te in -s e n s it iz e d  sheep c e l l s  a fte r  treatment 
o f  the te s t  sera with 2-m ercaptoethanol d i ffe r e d  in  every 
in sta n ce , but on ly by one tw ofold  d i lu t i o n . Hence, the method 
chosen fo r  the d e te c t io n  o f  te ta n u s -s p e c ific  IgM was one based 
on irnnunofluorescence s in ce  inznunof luorescence techniques have 
been applied  s u c c e s s fu l ly  to  the d e te c t io n  o f  s p e c i f i c  IgM in 
such neonatal in fe c t io n s  as congen ital toxoplasm osis (Remington, 
1969) and congen ita l s y p h il is  ( S c o t t i ,  Logan 6 C aldw ell, 1969).
In the development o f  a su ita b le  in d ir e c t  immunofluorescence 
technique, comparisons were made using polym erized tetanus 
toxo id  and tetanus to x o id -co a te d  Sepharose beads as antigens, 
and steps were taken to  ensure that a high degree o f  s p e c i f i c i t y  
was achieved in the r e a c tio n  system.
Accounts o f  the methods fo r  measuring to ta l an titox in  
by tox in  n e u tra liz a tio n  and haem agglutination, and fo r  d etectin g  
IgM an titox in  by inznunofluorescence are given in Chapters 1 , 2  
and 3 re s p e c t iv e ly . Chapter A embodies the resu lts  o f  the 
a p p lica tion  o f  these methods to  the assay o f  sera obtained from 
mothers and th e ir  ba b ies  at d e liv e ry  fo llo w in g  in je c t io n  o f  the 
mothers with tetanus to x o id  at d i f fe r e n t  times during gesta tion .
In v est ig a tion  in to  the ce ll-m ed iated  response to tetanus 
tox o id  was prompted by the report o f  White e t  a l . (1973) that a 
0 .9Z  incidence o f  reaction s to  primary in je c t io n s  o f  tetanus toxo id  
occurred  in  a popu lation  o f  in d u str ia l workers. R eactors on 
f i r s t  in je c t io n  suggest a mechanism o f  delayed type hypersensi­
t i v i t y ,  and, although th e ir  o cca s ion a l occurrence had been 
descr ib ed  p rev ious ly  (L evin e , Ipsen 4 McComb, 1961; G r if f i t h , 
1966; K it t le r  e t a l . ,  19 66 ), rea ction s  to  tetanus toxo id  immuni­
za tion  are usually  a t tr ib u te d  to and a ssocia ted  with the formation 
o f  antigen -antibody complexes due to  r e la t iv e ly  high serum 
a n titox in  concen tra tion s (E d sa ll, 1959; Levine, Ipsen 4 McComb,
1961; G r i f f i t h ,  1966; E dsall e t  « 1 . ,  1967).
V arious o ther a ssoc ia tion *  have a ls o  been reported , 
e . g .  the Inciden ce  o f  reaction s to  tetanus to x o id  i s  higher in  
fem ales than in  males ( G r i f f i t h , 1966; R elihan. 1969; Whit# 
e t  a l . ,  1973 ), and increases with age in adu lts  (McComb a 
L evina , 1961; Levine, Ipsen 4 McComb, 1961; R elihan, 1969;
White et a l . ,  1973 ). R eactions are more coimnon a fte r  
subcutaneous than a f t e r  intram uscular in je c t io n s  (E d sa ll, 1959; 
R elihan , 19 69 ), and a reduction  in  the tetanus toxo id  dosage 
does reduce the in c iden ce  (McComb 4 Levine, 1961; R elihan.
1966; White e t  a l . ,  1973). F ack tor, Bernstein 4 Fireman 
(1973) reported  a very high inc iden ce  o f  mixed reaction s 
(m e d ia te  a l l e r g i c ,  A rthus-type, and delayed type hypersensi­
t i v i t y  -  in  70 apparently  normal in d iv id u a ls  g iven  an in tr a - 
cutaneous in je c t i o n  o f  tetanus to x o id . The delayed type hyper­
s e n s i t iv i t y  re a c tio n  occurred  in  74* o f  these s u b je c ts . O bviously , 
the high in c id en ce  o f  reaction s under these circum stances has 
l i t t l e  re levan ce to  the c l in ic a l  s itu a t io n , but i t  does in d ica te  
that the delayed type o f  h y p e rse n s it iv ity  r e a c t io n , gen era lly  
as soc ia ted  w ith  T c e l l  r e a c t iv it y , can occu r in  reaction s to 
tetanus toxo id  v a cc in a tio n s .
A method fo r  measuring ce ll-m ed ia ted  immunity to 
tetanus toxo id  in  v i t r o ,  v ia : lymphocyte transform ation  in the 
presence o f  tetanus t o x o id , as determined by the uptake o f  
t r i t ia t e d  thym idine, was used fo r  assessin g  the degree o f  lympho­
c y te  r e a c t iv ity  in  the rea ctor  group. The genera l r e a c t iv ity  o f  
the lymphocytes to  PHA was a lso  determined. The o b je c t iv e s  o f  
the study were to  determine whether there was any c o rr e la t io n  
between s p e c i f i c  o r  general lymphocyte r e a c t iv it y  and the 
occurrence o f  r e a c tio n s ; and whether the a s so c ia tio n  o f  rea c tion s  
w ith  the female sex  and with advancing age in  adu lts  would be 
r e fle c te d  in  the in  v it r o  s itu a t io n . The study is  described  in 
Chapter 5.
C H A P T E R  1 
THE TITRATION OF TETANUS 
ANTITOXIN BY TOXIN NEUTRALIZATION
Tetanus a n titox in  i s  gen era lly  measured in  b io lo g ic a l  
term s by using the mouse as the in d ica to r  o f  any excess tox in  which 
remains a fte r  m ixtures o f  to x in  and a n titox in  in te r a c t . T i t r e s  
ob ta in ed  by such a method g iv e  a measure o f  the b io lo g ic a l ly  a c t iv e  
form  o f  a n tito x in .
In p r in c ip le ,  a t e s t  dose o f  to x in  i s  determined in  
r e la t i o n  to a known amount o f  Standard Tetanus A n titox in , and the 
c on cen tra tion  o f  a n titox in  in  an unknown serum sample is  then 
estim ated  from the d i lu t io n  o f  that serum which g ives the same end­
p o in t  as the Standard A n titox in  with th is  te s t  d ose . In p r a c t i c e ,  
th e  ex is t in g  assay techniques requ ire a r e la t iv e ly  large volume o f  
serum  for  the determ ination  o f  low concen tra tion s o f  tetanus a n t i ­
t o x in .
Because o f  the d i f f i c u l t i e s  in volved  in  the c o l le c t io n  
o f  adequate serum volumes, a method fo r  tetanus an titox in  determ in ­
a t i o n  by tox in  n e u tra liz a tio n  was developed w ith  a reduced sample 
volume requirem ent. The technique is  s im p le , and the resu lts  
o b ta in ed  compare favourably w ith , or  exceed , those o f  other methods 
in  terms o f  s e n s i t i v i t y ,  p r e c is io n  and a ccu racy , provided th at the 
w eigh t range o f  the mice used i s  r e s t r ic t e d  and standardized , and 
t h a t  the con d it ion s  o f  in te r a c t io n  o f  tox in  and an titox in  are 
c o n t r o l le d .
MATERIALS AND METHODS
T o x in s . Two batches o f  tetanus to x in s , d esignated  No.954 and 
N o .956, were obta in ed  from the R ijks In s t itu u t o f  the N etherlands.
A th ir d  sample o f  to x in , lo t  No.682-C2, was su pp lied  by Wellcome 
R esearch L a b ora tor ie s . D e ta ils  o f  the so u rc e , production , 
c h a r a c t e r is t i c s ,  and su p p lie rs  o f  these tox in s  are given in 
A ppendix ( i  ) -
Toxins in  the fre e z e -d r ie d  s ta te  were weighed, d is s o lv e d  
in  IX peptone w ater o f  pH 7 .2 -7 .4  (Oxoid L t d . ,  Southwark Bridge 
R oad , London), and f i l t e r e d  through a Celman type GA-6  t r ia c e t a t e
membrane f i l t e r  (Gelman Hawksley L td ., 12 Peter Road, Lancing, 
S u ssex ). The toxin so lu tion s were then d istr ibu ted  in  small 
volumes and stored at -50°C. In general, th is  procedure fo llow s 
the recommendations o f  the WHO Expert Committee on B io log ica l 
S tandardization  (1965) fo r  the preparation o f  m aterials to  serve 
as re fe ren ce  reagents.
Standard A ntitox ins. A sample o f  the Third B ritish  Standard 
fo r  Tetanus A ntitox in , provided by the Medical Research C ouncil, 
was used. In some experiments, a sample o f  the U.S. Standard 
Tetanus A ntitoxin  was a lso  included fo r  cong>arison. Both are 
equ ine standards. D eta ils  are given in Appendix ( i i ) .
D ilu e n t. A ll d ilu tio n s  for  the tox in  n eu tra liza tion  te s t  were 
perform ed in  s t e r i le  1Z peptone water (O xoid), adjusted to  a pH 
o f  7 .2 - 7 . «  (Ipsen, 1942).
M ice . Swiss mice o f  s tra in  "T h e ile r 's  O rig inal" were obtained 
from  A. J . Tuck & Son L td ., Animal Research Breeders, R ayleigh, 
E ssex . Mice o f  e ith e r  sex  and o f  weight range 14-17 g (a v .15-16 
g ) a t the time o f  in je c t io n  were used. To reduce nervousness 
and so f a c i l i t a t e  th e ir  handling, the mice were allowed a day 's 
s e t t l i n g - in  period b e fore  in je c t io n .
Determ ination o f  the te s t  dose le v e ls  o f  tox in .
D e f in it io n s . The L-f/100 test dose o f  toxin  is  the le a s t  amount 
o f  tox in  which, when combined with 0 .0 1 unit o f  standard an titox in  
in  the dose per mouse, causes death o f  a l l  mice in je cte d  by the 
end o f  96 hours. Sim ilar d e fin it io n s  apply to the Le/1000 and 
L e /4000 tox in  doses with 0.001 and 0.00025 unit o f  Standard Anti­
to x in  r e sp ec tiv e ly .
The Lp /10000 te s t  dose o f  toxin  is  the lea st amount o f  
t o x in  which, when combined with 0.0001 unit o f  Standard A ntitoxin  
in  the mouse dose, causes a 2+ degree o f  paralysis in the in je cte d  
le g s  a f t e r  f iv e  days. With th is  degree o f  pa ra ly s is , the mouse 
shows an obvious d is a b il i t y  o f  the hind limb and lim ping in free  
movement, i . e .  the limb is  functional but i t s  a c t iv ity  i s  impaired. 
L+/100Q determ inations. Preliminary experiments are conducted 
to  estim ate the approximate L+/1000 dose o f  tox in , and a ser ies  
o f  t o x in  d ilu tion s  then prepared with the estimated L+/1000 dose 
a t about the m id-point fo r  further te st in g  against the Standard 
Tetanus A n titox in . The least amount o f  toxin in an 0 .2  ml volume
which reacts  w ith 0.001 unit o f  Standard A n titox in  in 0 .1  ml to 
give death o f  a l l  mice a fte r  96 hours i s  determined. Hence 
d ilu tion s  o f  5 x estim ated dose lev e l o f  tox in  per ml and 
10 x 0.001 unit o f  Standard A ntitoxin  per ml are mixed in the 
r a t io  o f  2 volumes: 1 volume to give the required concentrations 
in  the 0 .3  ml a l iq u o ts  which are in je cted  in to  m ice. E-MIL, A 
grade p ip ettes  (James A. Job lin g  4 C o ., L td ., Glamorgan) are 
used fo r  the preparation  o f  d ilu t io n s , s in ce  the 5 x and 10 x 
concentration  fa c to rs  tend to magnify sm all erro rs  in  volume 
measurement.
At the time o f  th e ir  d is tr ib u tio n  in to  cages, the 
mice are marked by means o f  a su ita b le  coding  system, e .g .  
coloured  dyes near the heads or  t a i l s ,  to  represent the sequence 
o f  d ilu tion s  to  be te s te d . G enerally, f iv e  tox in  d ilu tion s  are 
tested  using e igh t mice per d ilu t io n . T here fore , a to ta l volume 
o f  2.4 ml o f  to x in -a n tit o x in  mixture is  requ ired . This is  
provided by mixing 1 .8  ml o f  the 5 x L+/1000 dose per ml o f  
toxin  with 0 .9  ml o f  the 0.01 unit per ml o f  Standard A n titox in . 
A fter mixing, the tox in  and an titox in  are allow ed to  in teract 
at room temperature (approx. 20°C) fo r  one hour. Volumes o f  
0 .3  ml o f  the mixture are then in je cted  in to  the righ t thigh 
muscles o f  the m ice. An operator working alone can in je c t  the 
mice with ease , accuracy and speed by using an ordinary hair 
r o l le r  to  hold the animal (Peel 4 Horwood, 1975). A s in g le , 
mounted, corked r o l l e r  may be used as shown in  figu re  l , or  a 
se r ie s  o f  r o l le r s  may be jo in ed  by adhesive tape, and the mouse 
thereby provided with a means o f  returning d ir e c t ly  to  i t s  cage 
when the in je c t io n  procedure has been com pleted. Deaths are 
recorded 96 hours a fte r  in je c t io n , and the end-points determined. 
T itra tion s  o f  the L+/4000 and L+/100 doses are usually  a lso  
conducted on each batch o f  d ilu ted  toxin  to  e s ta b lish  that the 
L+ values are in  p roportion  to  the unitage o f  Standard A ntitoxin  
used.
Determination o f  the minimum leth a l dose (MLD) o f  tox in .
The MLD is  defined  as the lea st amount o f  tox in  that causes death 
o f  a l l  mice in je c te d  at the end o f  96 hours. I t  is  determined by 
a method s im ilar  to  that used fo r  the L* determ inations except

Chat d ilu en t i s  su bstitu ted  fo r  
Procedure fo r  serum t it r a t io n s .
ito x in .
The tox in  dose le v e l at which the t i t r a t io n  o f  an unknown 
serum is  conducted, as well as the actual range o f  serum d ilu t io n s  
te s te d , are pre-determ ined on the ba sis  o f  the tetanus a n t i t o x in  
concen tra tion  as estim ated by the in d ir e ct  m icrohaem agglutination 
technique. U sually an end-point fo r  the tox in  n e u tr a liz a t io n  test 
can be obtained  by te s t in g  a range o f  four or  f iv e  serum d ilu t io n s  
using one or  two mice per d ilu t io n .
Twofold d ilu tio n s  o f  each te s t  serum are prepared from  
the second o f  a s e r ie s  o f  tubes with a 300 m ic r o l it r e  O xford  
sampling p ip e tte  and s t e r i l e ,  d isposable  p la s t i c  t ip s  (The 
Boehringer Corporation L td ., B ell Lane, Lewes, East S u ssex ).
Four or  f iv e  d ilu tio n s  are then se le c te d  fo r  t e s t in g , and the 
lower d ilu tio n s  are d iscarded . Undiluted serum (0 .3  ml) i s  
d e livered  to the f i r s t  tube o f  the se r ie s  i f  requ ired . A volume 
o f  0 .6  ml o f  tox in  d ilu ted  to  contain  5 x L+/1000 te s t  dose per  
m l, is  added to  each tube. This gives a t o ta l volume o f  0 .9  ml 
in  each tube o f  which 0 .3  oil i s  in je c te d  in to  each o f  one o r  two 
mice a fte r  one hour. The volume in je cted  thus represents o n e - 
th ir d  o f  the to ta l volume o f  the contents o f  each tube, equ iva len t 
to  the t e s t  dose o f  tox in  (in  0 .2  ml) and 0 .1  ml o f  serum o r  
d ilu ted  serum.
C ontrols  con s is t in g  o f  the tox in  te s t  dose with the 
corresponding concentration  o f  Standard A n titox in  and the t o x in  
t e s t  dose w ith twice th is  concentration  o f  Standard A n t ito x in  are 
in c lu ded . Tor a v a l id  t i t r a t io n ,  the former should r e s u lt  in  the 
death o f  a l l  animals in je cted  by the end o f  96 h ours, w h ile  the 
la t t e r  should p ro te ct  the mice from death. When t it r a t in g  a t  the 
Lp/10000 tox in  le v e l ,  an ad d ition a l con tro l c o n s is t in g  o f  t o x in  
on ly  is  included  to  give a 4* p a ra ly tic  end-point fo r  com parison 
with the 2♦ p a r a ly tic  end -point.
I f  undiluted  serum f a i l s  to  p ro te ct both  m ice, i . e .  i f  
death occurs in  both , then the serum has an a n tito x in  c on cen tra tion  
equal to o r  le s s  than the lowest d etectab le  a n tito x in  t i t r e  o f  the 
t e s t  range. This varies  accord ing  to  the tox in  dose le v e l  o f  the 
t e s t .  I f  serum d ilu ted  1:2 f a i l s  to  p ro te ct w h ile  u n d ilu ted  serum 
p ro te cts  at lea st  one o f  the m ice, then the a n tito x in  t i t r e  i s  
grea ter  than the lowest le v e l o f  the range and equal to  o r  le s s
than the next h igher amount. Since the amount o f  a n t ito x in  in  
0 .1  ml o f  an unknown aerum is  measured aga inst the tox in  t e s t  
dose , the actual a n tito x in  content per ml o f  the o r ig in a l serum 
is  obtained by m u ltip ly in g  th is  amount by a fa c to r  o f  10 .
Tables 1 and 2 provide d e ta i ls  o f  the p ro to co l used 
fo r  the t ita t io n  o f  a n tito x in  at the L+/100 and Lp/lOOOO to x in  
le v e ls .  Tables 3 and 4 i l lu s t r a t e  the in te rp re ta tion  o f  the 
readings fo r  each o f  these te s t  le v e ls .  Table 5 se ts  ou t the 
r e la tion sh ip  between the volume o f  serum a v a ila b le  and the 
minimal an titox in  t i t r e s  that can be determined fo r  d i f fe r e n t  
te s t  dose le v e ls  o f  tox in .
EXPERIMENTS AND RESULTS
L+/1000 and L+/4Q00 determ inations.
Examples o f  L+/1000 and L+/4000 determ inations are given 
in  ta b les  6 and 7. Average w eights (♦ standard d e v ia tio n ) o f  the 
■ ice  used were 15.42 ♦ 0 .66 g  and 15.92 ♦ 0 .97 g  fo r  W lO O O  and 
L+/4000 re s p e c t iv e ly . Results in d ica te  that the L+/1000 and V*/ 
4000 values are in  the r a t io  o f  4:1 as expected . The 95X confidence 
lim its  fo r  these determ inations are 5 .1 3  pg and 5.21 pg f o r  the 
L+/1000 dose; and 1.21 pg and 1.29 pg f o r  the L+/4000 d ose . The 
same tox in  gave an MLD o f  0.35 ♦ 0 .04  pg fo r  mice o f  w eight 16.04 
♦ 1.21g over s ix  experim ents. T h ere fore , the L+/4000 dose 
contains 3-4 MLD's w h ile  the L-t/lOOO dose contains 15-16 MLD's.
This d iffe re n ce  probab ly accounts f o r  the fa c t  that the c o e f f i c i e n t  
o f  va r ia tion  is  4 .OX fo r  the L+/4000 assays and only 0.97X  f o r  
the L+/1000 assays.
R atios o f  L» values fo r  d if fe r e n t  to x in s .
Three d i f fe r e n t  batches o f  tox in s  were assayed f o r  L+ 
le v e ls  (tab le  8) .  R atios o f  the L+/4000, W lOOO and W lO O  values 
fo r  these tox ins were 1 :4 :1 0 , a necessary cond ition  f o r  th e ir  use 
at d i f fe r e n t  dose le v e ls  in  the t i t r a t io n  o f  a n tito x in . The 
constancy o f  the r a t io s  a lso  il lu s t r a te s  the s t a b i l i t y  o f  the toxin 
under the cond ition s o f  sto ra ge , and the cons is ten cy  o f  the 
procedures used fo r  the determ ination o f  L* values. The reprod u ci­
b i l i t y  o f  an I> determ ination is  p a r t ic u la r ly  w ell dem onstrated for  
Dutch toxin  No.954 where e igh t repeated assays o f  Lt/lOOO gave the
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TABLE 5
R ela t ion sh ip  between the volume o f  serum 
a v a ila b le  for testin g  and the minimal 
a n t i t o x in  t it r e  that can he determined for 
d i f fe r e n t  test dose le v e ls  of tox in .
VOLUME OF 
SERUM
TEST DOSE IEVEL 
OF TOXIN
LOWEST DETECTABLE 
ANTITOXIN TITRE
u/ml
0.6  ml L+/100 0.1
L+/1000 0.01
L+/4000 0.0025
Lp/lOOOO 0.001
0 .3  ml L*/100 0.2
L*/100O 0.02
L+/4000 0.005
Lp/10000 0.002



same value o f  4 .3  ug.
Importance o f  the d ilu en t.
pH o f  d ilu e n t . The o r ig in a l L+/1000 and L+/4000 determ inations 
fo r  Dutch tox in  No.954 did not g ive values in  a ccord  w ith  the 
expected r a t io  o f  4 :1 . Furthermore, i t  was found th a t  the results 
varied depending on whether d ilu tion s  fo r  the L+/1000 o r  Le/4000 
leve ls  were in je cted  f i r s t  in to  mice when both were determined in 
the one experiment. Variation according to  the o r d e r  o f  in jections 
suggested that the time o f  contact o f  the t o x in -a n t it o x in  mixtures 
be fore  in je c t io n  was at lea st partly  responsible f o r  the 
d iscrepancies observed. Subsequently, i t  was d is c o v e rd  that the 
d iluent used in  these experiments had a pH value o f  6 . 4  instead o f  
7 .2 -7 .4 . Apparently, the a c id ity  o f  the 1Z Evan's pep ton e  that 
was added to  Oxoid phosphate bu ffered  sa line (Appendix i i i )  for  
the preparation o f  thia d iluent was s u f fic ie n t  to  e x ce e d  its  
bu fferin g  ca p a c ity . When th is  was d iscovered , experim ents were 
designed to de fin e  more p rec ise ly  the re la tionsh ip  between an 
unfavourable pH and the time o f  contact o f  t o x in -a n t it o x in  mixtures 
p r io r  to  in je c t io n . R esults o f  such experiments ( t a b le s  9 , 10 and 
11) show that the de leter iou s e f f e c t  o f  a diluent o f  pH 6 .4  i s ,  
indeed, time-dependent; an increase in the time o f  c o n ta c t  of 
tox in -a n titox in  mixtures be fore  in je ct io n  causes an in cre a se  in the 
apparent value o f  L+/4000 with a d iluent o f  pH 6 .4  b u t  not with a 
diluent o f  pH 7 .4 . I f  the results  o f  a l l  three experim ents are 
combined, and the nunfcer o f  deaths at pH 6 .4  and a t pH 7 .4  are 
compared, a s ig n if ic a n t  d iffe ren ce  at the 0.01 s ig n i f i c a n c e  level 
can be shown by the Chi-squared te s t  (p <0 .01).
A d ilu en t o f  pH 6.4 a lso  caused an in crea se  in  the 
estimated MLD values with prolonged time o f  standing  b e fo r e  in jection  
e .g .  a fte r  2 houra standing, the value was 0 .3  pg; a f t e r  3 hours 
standing, the value was 0 .4  pg. This suggests that th e  increase in 
exposure with tox in -a n titox in  mixtures i«  the r e s u lt  o f  slow 
in a ctiva tion  o f  the excess toxin  in those m ixtures.
The weights o f  a l l  mice used in these experim ents were 
recorded, and the mean weight and standard d ev ia tion  f o r  each group 
ca lcu lated . None o f  the means was le s s  than 14 g o r  g re a te r  than 
16 g, and the standard deviations were sim ilar in  m agnitude for a l l
TABLE 9
V aria tion  in the value o f  L+/4000 determ inations on Dutch tetanua 
t ox in  batch No.95« with d ilu en t o f  pH6.4 and prolonged  to x in -  
a n titox in  contact time p r io r  to  in je c t io n  in to  mice.
TIME OF CONTACT 
OF MIXTURES BEFORE 
INJECTION
L+/4000 DETERMINATIONS-
Diluent o f  pH7.4 D iluent o f  pH6.4
(C ontrol)
1» "  2
ig
. 0.0 4  1 .1  ♦  0.04
. 0 .0 5  1 .3  ♦  0.07 *
*F ive  separate experiments were performed fo r  each L+/4000 determ ination 
given  in  the ta b le . Each determ ination involved  the te s t in g  o f  a range of 
f iv e  to x in  doses with four mice per dose. Four o f  the determ inations were 
perform ed with the Third B rit ish  Standard A n titox in : the o th er  w ith a U.S. 
Standard Tetanus A n titox in  (Lot E114 from N .I .H .) .  R esults are expressed 
as the L+/4000 end-point ♦ s .d .  fo r  f iv e  experim ents.


groups.
Protein_______ concen tra tion  o f  d ilu e n t. High p rote in  concentrations
do not a f f e c t  the in  v iv o  a c t iv it y  o f  tetanus tox in  (tab le  12).
This i s  obvious fo r  the resu lts  obtained with the tox in  dose 
g iv in g  a p a r a ly t ic  en d -p o in t . That the same is  a ls o  true fo r  the 
tox in  dose g iv in g  a le th a l end-point can be seen more read ily  i f  
the death times are expressed in  a num erical form e .g .  by the use 
o f  Ip sen 's  sco rin g  system  (1955) v ia ;
Assumed score
Death in  le ss  than 2 days 0
Death in  3 to  4 days 2
Death in  5 to  7 days
The sum o f  the in d iv id u a l responses fo r  each group, graded 
accord ing  to  th is  system , in d icate  that there i s  no s ig n if ic a n t  
d iffe r e n ce  between the groups.
Importance o f  the body weight o f  m ice.
The in flu en ce  o f  mouse weight on responses to  to x in -a n t i­
toxin  m ixtures at the L«7l000 le v e l and to  tox in  a lon e was in v e s t i­
gated. The experiments were designed so as to  ensure that the 
in je c t io n s  were performed randomly once the groups o f  mice o f  
d i f fe r e n t  weight ranges had been s e le c te d . To accom plish th is ,  a l l  
mice were a l lo ca te d  numbers made re levan t to  th e ir  co lou r  cod in g, and 
the order  o f  in je c t io n s  determined by re feren ce  to  a ta ble  o f  random 
d ig its  (Campbell, 1967).
Figure 2 represents the s c a tte r  o f  deaths recorded at 
regular observation  periods fo r  d i f fe r e n t  weight groups in the 
assay o f  L+/1000 fo r  Dutch tox in  No.954. Figure 3 shows the 
number o f  deaths in  each weight group 96 hours a f t e r  in je c t io n  -  
the usual time in te r v a l fo r  reading le th a l e n d -p o in ts . I f  the 
deaths are expressed as p rop ortion s, the p rop ortion  dead fo r  groups 
I ,  I I ,  I I I  and IV are 1 .0 , 0 .6 ,  0 .3 ,  and 0 .1  re s p e c t iv e ly .
S t a t is t ic a l  treatment o f  the resu lts  accord in g  to  the method fo r  
con^arison o f  several p roportions as descr ib ed  by Armitage (1971) 
shows that the d if fe r e n ce s  are h ig ly  s ig n if ic a n t  (p <0.001).
R esults o f  readings taken 96 hours and 120 hours a fte r  
the in je c t i o n  o f  tox in  alone are given in  figu re  4 . In order to  
provide a s e n s it iv e  in d ic a to r  o f  the in flu en ce  o f  mouse w eight, a
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toxin dose waa chosen that produced an e f fe c t  on the borderlin e  
between advanced p ara lysis  and death. It i s  c le a r  th at , as mouse 
weight in crea ses , the number o f  deaths in mice decreases while 
the number o f  mice with advanced paralysis in crea ses .
Assays at the Lp/10000 tox in  dose le v e l .
Degree o f  p a r a ly s is . Symptoms o f  lo c a l tetanus in  the hind limbs 
o f  mice, produced by the intram uscular in je ct io n  o f  tox in  or 
tox in -a n titox in  m ixtures, were assigned scores from 0 to  4* 
according to  the scheme proposed by Mellanby e t a l .  (1968) for  
assessing the reduction in  p a ra ly s is  produced by gangliosides 
in  experimental tetanus in m ice. Paralysis o f  grades 2♦, 3+ and 
4+ are i l lu s t r a te d  in  figu res  3 , 6 and 7. A 1-«- degree o f  
paralysis i s  not represented sin ce  the s t if fn e s s  in  the in jected  
linb with th is  grade is  d e te c ta b le  on ly when the mouse is  suspended 
by it s  (.a il o r  by c lo se  observation s o f  it s  movements.
Assessments o f  p a ra ly s is  on the same mice by two observers 
working independently are given in  table  13. As might be expected, 
no s ig n if ic a n t  d iffe ren ces  occu rred  in  the evalu ation  o f  p ara lysis  
o f  grades 2+ and h igh er, but v a r ia tio n  is  evident in  the region  o f  
0 , ♦ /-  and 1+ where d iffe re n ce s  are d i f f i c u l t  to  de fin e  and d e te c t . 
Therefore, a 2+ degree o f  p a ra ly s is  was chosen as en d -po in t .
Time o f  read in gs. I t  i s  c le a r  that the fu l l  development o f  
paralysis may take f iv e  days (ta b le  14 ). Observations made seven 
days a fte r  in je c t io n  usually  gave the same resu lts  as those made at 
five  days; bu t, sometimes, there was an actual decrease in  the 
extent o f  p ara lys is  between f iv e  and seven days. Hence, a f iv e -d a y  
in terval from in je ct io n s  to  readings was adopted fo r  the p a ra ly tic  
end-point o f  the Lp/lOOOO te s t  dose le v e l.
Attempts to  extend the s e n s it iv i ty  o f  an titox in  assays.
Suckling mice o f  average weight 5.4 g were investigated  
along with a con tro l group o f  average weight 15.1 g f o r  p oss ib le  use 
in the t it r a t io n  o f  an titox in  at the Lp/40000 and Lp/lOOOOO le v e ls .  
However, d esp ite  the pronounced e f f e c t  o f  mouse weight on su scep ti­
b i l i t y  to  tox in  already demonstrated, the suck ling mice d id  not 
respond to  a s ig n if ic a n t ly  grea ter  degree. Apart from that, the 
actual procedure o f  in je c t in g  limbs o f  mice w eighing as l i t t l e  as 
5 g presented p ra ct ica l d i f f i c u l t i e s .
Mouse showing • 2+ d e g « ,  o f  p . r a l y . L  o f  the l e f t  leg- 
Although the l in t  1» need r .g u l . r l y ,  i t e  movement, ere 
percep tive ly  awkward and there i s  obvious lim p in g .
Mouse with 3> p a r a ly s is  01 the r igh t le g . The a ffe c te d  
lin*> is  held  in  an abnormal p o s it io n  and, although s t i l l  
moveable, i t  i s  used in fre q u e n t ly . The t a i l  is  
d e fle cte d  towards the side o f  in ocu la tion .

TABLE 13
Independent sco rin g  o f  p a ra ly tic  end-points by  two observer»
GRADES OF TOTAL NO. OF DISCREPANCIES
PARALYSIS MICE OBSERVED IN GRADINGS
y* ft U* 190 
2*  a 3* H I 
!♦  & 2* 108
A .7 
5 .0  
7 .A
!♦ A ♦ /-  A 0 55 30.9

Procedure fo r  the evalu ation  o f  p re c is ion  and accuracy o f  the 
tox in -n e u tra liz a t io n  method.
The a n tito x in  content o f  two sang>les o f  human aera was 
assayed repea ted ly  by tox in  n eu tra liz a tion  at s e le c te d  tox in  dose 
le v e ls  in  order to  provide a measure o f  the p re c is io n  and accuracy 
o f  the method. One o f  the t e s t  m ateria ls con s is ted  o f  d ilu tio n s  
o f  "Tetagam", a preparation  o f  human tetanus immunoglobulin 
(Appendix i v ) ; the other was a pooled sample o f  approximately 
twenty human an tisera  c o l le c t e d  about 28 days a f t e r  primary 
in je c t io n s  o f  tetanus to x o id . D ilutions o f  the former were assayed 
at the tox in  t e s t  dose le v e ls  o f  I> /1 00 , L+/10O0, L+/4000 and 
Lp/lOOOO; the la t t e r  was assayed at the Lp/lOOOO le v e l .
Before these experiments were undertaken, however, a 
more exact eva lu ation  o f  the an titox in  concen tra tion  o f  a Tetagam 
te s t  sample was obtained  by the use o f  a scheme which gave 
d ilu tio n s  fo r  te s t in g  a t c lo s e  in te rva ls  w ithin  the lim its  o f  the 
p re-da te m ined  range o f  a n tito x in  values fo r  the sample (Appendix 
v ) . This was deemed necessary sin ce  i t  seemed lo g ic a l  to  suppose 
that a grea ter  v a r ia b i l i t y  in  re su lts  would occu r  i f  the actual 
a n titox in  concen tra tion  approached one or  o ther o f  the lim its  o f  
the range d ilin e a t in g  the t i t r e  than i f  i t  happened to  be around 
the m id-point o f  that range. The procedure showed that a sample 
o f  Tetagam which had prev iou s ly  resulted  in su rv iva l o f  a l l  mice 
at a 1 :2  d i lu t io n  and death o f  a l l  mice a t a 1 :4  d i lu t io n  when 
assayed a t the L+/1000 dose le v e l  ( i . e .  an a n titox in  concen tra tion  
o f  >0.02 and -  o r  <0.04 u /m l) a c tu a lly  produced death in  a l l  
animals a t d ilu tio n s  s l ig h t ly  higher than the m ia-point o f  th is  
range, v iz :  at 1 :3 .1 5  and 1 :3 .5 3  in  two separate assays. Hence, 
a 10 x concen tra tion  o f  th is  sample was used fo r  te s t in g  at the 
M-/100 tox in  dose le v e l and 1 1 :10  d ilu t io n  fo r  t e s t in g  at the 
Lp/10000 le v e l .
R esults o f  ten separate assays on the t e s t  samples and 
d ilu t io n s  are shown in  table  15. Accuracy i s  in d icated  by the 
extent to  which the a n titox in  t i t r e s  fo r  the Tetagam d ilu t io n s , 
tested  at fou r  d i f fe r e n t  tox in  dose le v e ls ,  are in  proportion  to 
the d i lu t io n  fa c to r s ;  and p re c is io n  is  measured by the reproduc­
i b i l i t y  o f  r e su lts  obtained  f o r  an titox in  t it r a t io n s  at the 
d i f fe r e n t  dose le v e l  w ith m u ltip le  determ inations (Whitby, M itch e ll

4 Moss, 1967; V ikelsH e, Bechgaard & Magid, 19 74 ). A high 
degree o f  accuracy  and p r e c is io n  is  ev id en t. Two devia tions 
from the id ea l o ccu rred , v ia : a con s is ten t  inaccuracy in  the 
L+/100 e stim a tion s o f  a tw o fo ld  d ilu t io n  s te p ; and a lack o f  
r e p r o d u c ib ili ty  in  the Lp/lOOOO aasays o f  p oo led  early  human 
a n tisera  fo r  one or  two readings which a ls o  d i f fe r e d  to the 
exten t o f  a s in g le  tw ofold  d i lu t i o n  s tep . Such a d ev ia tion  in 
t it r a t io n s  o f  tw ofo ld  s e r ia l d ilu t io n s  is  g en era lly  regarded as 
be in g  o f  no s ig n if ic a n c e .
Of a to ta l  o f  n in ety  p a irs  o f  mice in je c te d  in  the 
L* assays, on ly  one p a ir  showed a d iscrepancy  with respect to 
death or  su rv iv a l fou r  days la t e r .  This in d ic a te s  that one 
mouse on ly should  s u f f i c e  f o r  t e s t in g  each d i lu t io n  in routine 
l>  determ inations.
DISCUSSION
I t  i s  apparent that the weight range o f  the mice used 
in  the tox in  n eu tra liz a t io n  te a t  should be r e s t r ic t e d  and 
defined  whether the end-point i s  based on death o r  p a r a ly s is .
The c r i t i c a l  im portance o f  the body weight o f  the animals in 
the tox in  n e u tra liz a tio n  t e s t  does not seem t o  have been prev ious ly  
recogn ized , and c e r ta in ly  has n ot been p re v io u s ly  stressed . The 
much-quoted procedure o f  Clenny 4 Stevens (1 9 3 8 ), fo r  example, 
does not mention the w eight o f  the mice used. Of the published 
methods that do in c lu de  some r e fe ren ce  to  the w eight o f  the m ice, 
on ly  *Chen (1959 ) s ta tes  that -  fo r  a p a r a ly t ic  end-point -  la rger  
mice are le s s  su sce p t ib le  to  the a c t ion  o f  t o x in .
That the mouse w eight would exert some in flu en ce  on the 
outcome over a range o f  13 g to  26 g was n ot e n t ir e ly  unexpected, 
but i t  i s  the exten t o f  the e f f e c t  that i s  noteworthy and im pressive. 
M oreover, the t o t a l  range o f  w eights  in v estig a ted  was not 
u n re a lis t ic  in  that the low er l im it  represented the 13-14 g weight
* The author i s  g ra te fu l to M iss Mona Bo Lo f o r  tra n s la tin g  th is  
a r t i c le  from the o r ig in a l C hinese.
range s t ip u la te d  by Chen (1959 ), w hile the upper l im it  repre­
sented the 20-25 g weight range used by Taylor & Moloney (1960). 
Despite the c le a r -c u t  evidence fo r  the determ ining e f f e c t  o f  
weight o f  mice on the responses obtained in the tox in  n eu tra li­
za tion  t e s t ,  however, the use o f  su ck lin g  mice d id  not provide a 
means o f  extending the range o f  assays to  even low er tox in  test 
dose le v e ls .  An obvious explanation  may be that the d iffe ren ce  
between the average weight o f  the su ck lin g  mice (approx. 5 g) 
and that o f  the con tro l group (approx. 15 g) was ju s t  not 
s u f f ic ie n t  to  permit assays to  be conducted at tox in  dose le v e ls  
as low as Lp/40000 and Lp/lOOOOO. A side from th a t , however, the 
observed d if fe r e n ce  in  the responses o f  the two groups d id  not 
seem to  p a r a l le l the weight d if fe r e n c e .
D ilu tion s fo r  the toxin  n eu tra liz a tion  t e s t  are 
performed in a d ilu en t contain ing p ro te in , e .g .  p ep ton e, which 
serves the function  o f  s ta b i l iz in g  the tox in . The p ro te ct iv e  
ac tion  o f  peptone was f i r s t  recogn ized  by Condrea and Poenaru 
(19 33 ), and subsequently confirmed by Ipsen (19 42 ). Ipsen 
showed th at , because n o n -sp e c if ic  serum p roteins possess the 
same s ta b il iz in g  e f f e c t ,  undiluted sera appear r e la t iv e ly  weaker 
than d ilu ted  sera  unless protein  i s  included in the d ilu e n t.
The probable mechanism o f  th is  type o f  s ta b i l iz a t io n  i s  that, 
s in ce  in er t  m olecules are ju st as l ik e ly  to be removed or destroyed 
by adsorption  to  the container or  by surface fo rc e s  as are toxin 
m olecu les, the p ro b a b ili ty  o f  the la t t e r  being lo s t  can be minimized 
by the ad d ition  o f  a large excess o f  the former (J e m e , 1951;
Levine, Ipsen & Me Confc, 1961). R esults o f  the experiment on the 
e f fe c t  o f  increased  peptone concentration  on tox in  a c t iv it y  
in d icated  that the concentration  o f  peptone gen era lly  used ( i . e . l Z )  
exceeds that o f  tox in  doses causing p ara lysis  and death to  such 
an extent that the use o f  an increased  peptone concen tra tion  made 
no d if fe r e n c e . On the other hand, the increased peptone concen­
tra tion  d id  not reduce t o x ic ity  by n o n -sp e c if ic  b in din g  e ith e r .
In these r e sp e c ts , serum proteins behaved s im ila r ly .
I t  i s  axiom atic that the d iluent should preserve and not 
harm the to x in . N evertheless, in e a r ly  experiments f o r  L* 
determ inations, the pH produced by the addition  o f  peptone to
bu ffe r  caused a alow d estru ction  o f  the t o x in , evident on ly  
with an increase in  th e  time o f  exposure b e fo re  in je c t io n .
This experience p o in ts  to  the need fo r  ca r e fu l con tro l o f  
the cond itions o f  in te r a c t io n  o f  tox in  and an titox in .
Control o f  th e  conditions o f  t e s t in g  and, more 
im portantly, o f  the b o d y  weight o f  the mice used is  probably 
responsible fo r  the h ig h  degree o f  accuracy and p re c is io n  that 
was found fo r  the L* t i t r a t io n s  o f  h ig h -t it r e d  human a n titox in  
(Tetagam), and fo r  th e  concordance o f  r e su lts  obtained in  the 
pairs o f  mice in je c te d  w ith  the same d i lu t io n s . Furthermore, 
the use o f  a w e ll -d e f in e d  end-point f o r  the Lp/10000 assay, 
instead o f  the mere p resen ce  or absence o f  symptoms as in 
previous methods, p ro b a b ly  accounts f o r  the high degree o f  
reprod u cib ility  o b ta in ed  with the assays on low -tit red  early  
human antisera  and th e  d ilu tio n  o f  Tetagam tested at th is  le v e l .  
Whether the dev ia tion s  which did occu r  in  the assays o f  ear ly  
human antisera  are due t o  low a v id ity  o r  e r r o r  in  the assessment 
o f  p a ra ly tic  en d -p o in ts  i s  uncertain, but the lim ited extent and 
low frequency o f  the d e v ia tio n s  in d ic a te  that they are o f  no 
real s ig n if ica n ce  o r  p r a c t ic a l  consequence.
Techniques c u r re n tly  a v a ila b le  fo r  the t it r a t io n  o f  
tetanus an titox in  may be  conveniently  d iv id ed  in to  three groups.
The f i r s t  comprises m ethods based on the reading o f  death tim es, 
as exem plified  by Ipsen  (1942), and used a ls o  by K yselov i, Maly 
and Valechovska (1 9 6 8 ). In these tech n iqu es , the tox in  dose has 
a r e la t iv e ly  high v a lu e  e .g .  l> /20 0 . The methods are econom ical 
as regards the m a ter ia ls  required, but the type o f  end-point 
n ecessita tes  frequent observation s -  e .g .  nine readings over a 
five-day  period  with I p s e n 's  method -  and the use o f  an ela borate  
mathematical scheme f o r  the ca lcu la tio n  o f  the re su lts . Further­
more, Ipsen 's b a s ic  system  o f  serum d ilu t io n s  y ie ld s on ly  four 
t it r e  values, v ie :  0 . 0 2 ,  0.125, 0 .8  and 5 .0  unit per ml. Other 
t i t r e s ,  including th o se  le s s  than 0 .02  u /m l, are ca lcu la ted  by 
ex trap o la tion , and th e  ap p lica tion  o f  c o rr e c t io n  fa c to rs  to 
compensate fo r  such v a r ia b le s  as the d e v ia tio n  from expected death 
times in the con tro l g rou p . Although K yselovi et a l . maintain that 
th e ir  end-points have th e  advantage o f  be in g  qua ntita tive rather 
than quantal,  th is i s  n o t  s t r ic t ly  true s in c e  the readings o f  deaths 
in mice must be r e s t r ic t e d  to certa in  times o f  observation , a lb e it
The re p r e se n ta t iv e  method o f  the second group o f
techniques is  that o f  Glenny A Stevens (1938 ). Sim ilar 
methods are used by W ilkens A Tasman (1959 ), Eckmann (19 63 ), 
and B a r ila , Hardegree A Pittman (1 9 7 0 ). In these procedures, 
end-point readings are based  on death at the end o f  a defined  
period  o f  time a f t e r  in je c t i o n  -  usually  four days -  and the 
in te r p re ta tio n  and c a lc u la t io n  o f  r e su lts  i s  sim ple. Toxin 
te st dose le v e ls  are g e n e ra lly  in  the v ic in it y  o f  L+/10OO.
The major disadvantage o f  the techniques in  th is  group is  the 
r e la t iv e ly  la rge  volume o f  serum required  fo r  t it r a t io n s  o f  
low a n t ito x in  c o n c e n tra tio n s . For example, in  the method o f  
B arile  e t  a l . ,  I ml o f  undilu ted  serum is  requ ired  fo r  the 
estim a tion  o f  the s in g le  t i t r e ,  0 .001 u /m l, and extra  serum is  
needed f o r  the p rep a ra tion  o f  d i lu t io n s  fo r  the assay o f  higher 
t i t r e s .  Where a tw o fo ld  s e r ia l  d i lu t io n  is  used, at le a s t  2 
ml o f  serum is  requ ired  (Wilkens A Tasman, 1959). Eckmann's 
method c a l l s  f o r  a serum volunm o f  1 .5  ml to  cover  the range 
o f  t i t r e s  between 0 .00 5  and 0 .5  u/m l. In the method o f  Glenny 
A Stevens (1 9 3 8 ), sera  a re  d iv ided  in to  two groups based on an 
i n i t i a l  estim a te  o f  t h e ir  a n tito x in  content i . e .  whether greate 
than or  le a s  than 2 u /m l. When a serum has le s s  than 2 u/ml o f  
a n t i to x in , subsequent assays are performed using constant volume 
o f  0 .1  ml o f  serum and reduced amounts o f  to x in . This means 
that a serum volume o f  1 .2  ml would be requ ired  fo r  the determin 
a t ion  o f  t i t r e s  from 0 .0 0 1  u/ml to  2 u/ml in  tw ofo ld  d ilu t io n  
s te p s .
A low sample volume requirement i s  the commendable 
feature o f  the th ird  group o f  methods as used by Chen e t s i .  
(1956 )} Chen (1959 ); and T aylor A Moloney (19 60 ). However, the 
method o f  T aylor A Moloney has l i t t l e  to  recommend i t  o therw ise, 
as on ly  th ree  a n tito x in  t i t r e s  are determ ined, and the lowest 
de te c ta b le  t i t r e  i s  as h igh  as 0 .02  u/m l. A major shortcom ing 
o f  Chen's technique i s  h is  use o f  an end-point based on the 
n e u tra lis a t io n  o f  symptoms o f  tetanus. As the d i f fe r e n t ia t io n  
o f  minimal degrees o f  p a r a ly s is  and complete n e u tra lisa tio n  is  
in flu en ced  s ig n i f i c a n t ly  by v a r ia tio n s  in  persona l percep tion  o f  
the o b s e rv e r s , d e te c t io n  o f  th is  type o f  end-point i s  d i f f i c u l t
and in a ccu ra te . Furthermore, re su lts  obtained  with the method 
are l ik e ly  to  be a f fe c te d  appreciab ly  by  the a v id ity  o f  the 
t e s t  s e r a , i . e .  that property  o f  sera  which determines th e ir  
firnsiess  o f  coqfeination w ith  tox in  (Glenny * Barr, 1932). 
G en era lly , sera  c o l le c t e d  e a r ly  in  the i nsmine response are non- 
av id , s o  tend to  d is s o c ia te  from com bination with to x in . Because 
o f  th is  tendency, r e la t iv e ly  more a n t ito x in  i s  required at low 
tox in  concen tra tion s to  fo rc e  the amount o f  free  tox in  below  the 
n e u tra lis a t io n  le v e l (Jern e , 1951)} and a tox in -a n titox in  
m ixture which should give absence o f  symptoms ( l o ) as end-point 
may become s u f f i c ie n t ly  d ilu te d  a f t e r  in je c t i o n  in to  an animal 
to  produce p a ra ly s is  (Clenny et a l .  1 9 3 2 ). Chen recogn izes the 
lim ita t io n s  imposed by a v id ity  on the accuracy o f  h is  method, 
but contends that the im p o ss ib ili ty  o f  ob ta in in g  a th e o r e t ic a lly  
c o rr e c t  a n tito x in  value w ith a small volume o f  serum and a low 
con cen tra tion  o f  tox in  must be accepted . However, i t  i s  o f  
in te r e s t  th a t , in  contra st to  the f in d in g s  o f  B arile  e t  a l .
(1970) and o f  the s tu d ies  reported  h e re , Chen's tox in  d id  not 
give L* values in  p rop ortion  to  the un itage o f  a n titox in  even 
when that a n titox in  was an avid  equine standard -  probably as 
a r e s u lt  o f  the uncertainty  inherent in  the recogn ition  o f  an 
en d -po int based on c o sp le te  n e u tra liz a t io n .
What are the c r i t e r ia  fo r  th e  evaluation  o f  a tox in  
n eu tra liz a t io n  technique? The c h ie f  p o in ts  o f  in te r e s t ,  as put 
forward by Chen (1959) and van Ramshorst (1971 ), may be combined 
as fo l lo w s :
1. Minimum a n titox in  t i t r e  that can be determined;
2. Amount o f  serum requ ired  fo r  t e s t in g ;
3. S im p lic ity  in  the te ch n ica l p ro ced u res , and in the in te r ­
p re ta tio n  and c a lc u la t io n  o f  r e s u l t s ;
4 . Economy in  terms o f  tim e, labour and m ateria ls;
5. P r e c is io n  and accuracy.
A tox in  n e u tra liz a tio n  technique should be capable o f  
measuring t i t r e s  lower than 0.01 u /m l, the genera lly  accepted  
"p r o te c t iv e  threshold" (McConb, 19 64 ), as there are in d ica tion s  
that the actu a l p ro te c t iv e  le v e l may be  le s s  than th is  value 
(Newell e t  a l . ,  1971). Only an accum ulation o f  data on the
in c id en ce  o f  tetanus in  the presence o f  low concentration* o f  
c i r c u la t in g  a n tibod ies  w il l  be o f  value in de fin in g  the 
p r o t e c t iv e  le v e l more p r e c is e ly . Furthermore, sin ce  an titox in  
t i t r e s  estimated three o r  four weeks a fte r  a s in g le  in je c t io n  
o f  tetanus toxoid  are usually  le ss  than 0.01 u/ml and sometiaws 
alm ost n e g lig ib le  (MacLennan e t  a l . ,  1973; Cohen 4 Leussink, 
1 9 7 3 ), a s e n s it iv e  method o f  an titox in  assay is  requ ired  for 
m on itorin g  the primary inraune response, p a r tic u la r ly  in studies 
on the e f fe c t s  o f  host fa c to rs  which may cause insmmosuppression.
The amount o f  serum needed fo r  te stin g  depends on the 
minimum a n titox in  t i t r e  to  be determined; o r , more s p e c i f i c a l ly ,  
on whether or  not the determ ination o f  the minimum t i t r e  requires 
u n d ilu ted  serum. In the technique presented h ere, 0 .6  ml o f  
serixn is  required fo r  the t it r a t io n  o f  an titox in  from 0.001 u /m l, 
bu t as l i t t l e  as 0 .3  ml o f  serum w il l  s u f f ic e  where a minimum 
t i t r e  o f  0.002 u/ml i s  acceptab le .
The method presented a lso  has the advantages o f  
s io q > lic ity  and economy. I ts  s im p lic ity  i s  a consequence o f  i t s  
d e s ig n , notab ly the use o f  a s traigh t-forw a rd  open-ended tw ofold 
scheme fo r  the preparation  o f  serum d ilu t io n s ; c le a r -c u t  end­
p o in ts  o f  death o r  2* (50Z) pa ra lys is  that require on ly  a s in g le  
rea d in g ; and an uncom plicated method fo r  the c a lc u la tio n  o f  
a n t ito x in  t i t r e s .  In a d d it ion , the speed and ease o f  the tech n ica l 
m anipulations are promoted by the use o f  m icro litre  sampling 
p ip e t te s  fo r  the p repa ra tion  o f  d ilu t io n s , and o f  a sim ple but 
e f f e c t iv e  dev ice  f o r  re stra in in g  mice during the in je c t io n  
proced u re . S u bstantia l savings in m ice, time and expense are 
r e a l iz e d  by reducing the nunfcer o f  serum d ilu tion s  t o  be tested  
on the ba s is  o f  a p r io r  assessment o f  the an titox in  concentration  
by an in d ir e ct  m icrohaem agglutination technique -  an essen tia l 
p a r t  o f  the a n tito x in  t it r a t io n  -  and by the use o f  one mouse on ly  
per  t e s t  d ilu t io n  in  assays based on tox in  doses g iv in g  le th a l end­
p o in t s .  The method a ls o  has a high degree o f  p re c is io n  and
a cc u r a c y .
THE TITRATION OF TETANUS 
ANTITOXIN BY INDIRECT HAEMACCLUTINAT ION
Methods for  the measurement o f  tetanus an titox in  by in d ire ct  
haem agglutination  generally use unfixed sheep or horse red c e l l s  
(S ta v itsk y , 1954 ; Tasman, van Ramshorst A Smith, I960; Levine et a l .  
1960; Levine A Wyman, 1964a; Levine, Wyman A McComb, 1967;
C h atter jee , 19 64 ) or sheep c e l l e  fixed  by form alin (Galazka A 
Abgarowicz, 1967 ; Hardegree e t  a l . ,  1970; Kyselova, L ibich  A SrbovJ, 
1970). The f ix e d  or unfixed erythrocytes are treated with tannic a c id  
(Boyden, 1 9 5 1 ), and sen s itized  by exposure to tetanus toxo id . T itra tio n  
o f  a n tisera  i s  performed in a macro or micro-haem agglutination system 
by haem agglutination  in h ib it ion  (Fulthorpe, 1957, 1958, A 1959;
Tasman et a l . ,  1960); o r , more commonly, by te st in g  d ir e c t ly  fo r  the 
a gg lu tin ation  o f  sensitized  c e l l s  by d ilu tio n s  o f  the an tisera .
Aldehydes other than formaldehyde have been reconsnended as 
f ix in g  agents f o r  ind irect haemagglutination techniques on the grounds 
that th e ir  use resu lts  in a saving o f  time and e f fo r t  and a more s ta b le  
or s a t is f a c t o r y  end-product (L ing, 1961; Bing, Weyand A S tavitsky, 19 69 ). 
For s im ila r  rea son s , chromic ch lo rid e  has been advocated as a coupling 
agent to  r e p la c e  tannic acid  (Jandl A Simmons, 1957; Gold A Fudenberg, 
1967; Faulk A Houba, 1973). M odifications that have been proposed fo r  
the purpose o f  avoiding the n ecess ity  fo r  p r io r  absorption  o f  sera by 
sheep c e l l s  in c lu d e  the replacement o f  absorbed normal rabbit serum in 
the d iluent by  p o lyv in ylpyrrolidone (Borduas A Grabar, 1953) and o f  
sheep e r y th r o cy te s  by erythrocytes from a d if fe r e n t  species  (Greenwood, 
1970) or  la t e x  p a r tic le s  (J o u ja , 1965). Nelson (1 9 7 S d id  apply 
g lutara ldehyde—fix e d  human group 0 c e l l s  to which tetanus toxo id  had 
been coupled b y  chromic c h lo r id e  to the assay o f  tetanus a n titox in , bu t 
he was concern ed  only with the screening o f  r e la t iv e ly  h ig h -t itre d  
plasma (3u /m l) f o r  the production  o f  prophylactic  human anti-tetanus 
g lob u lin , and n o t  with the development o f  a technique o f  optimal 
s e n s it iv i ty  b a sed  on a knowledge o f  the in flu e n tia l v a r ia b les .
When used in con junction  with the toxin  n eu tra liza tion  t e s t ,  
the main va lu e  o f  the in d ir e ct  haemagglutination technique is  as a 
screen ing p roced u re  for  the presence o f  tetanus a n titox in , and as an 
in d ica tor  o f  th e  range o f  serum d ilu tion s  to  be tested  by tox in  neutra­
l iz a t io n . As w ith  any screen ing procedure, high s e n s it iv i ty  is
d e s ir a b le . In order  to  ob ta in  coated  c e l l «  o f  high s e n s it iv i ty , 
th e r e fo r e , system atic  conpa ra tive  te s ts  were undertaken to  determine 
the optim al cond ition s fo r  f ix in g ,  tanning and c oa tin g  glu tara ldehyde- 
f ixed  sheep red c e l l s .
The use o f  aldehydes o th er  than formaldehyde as f ix in g  agen ts ; 
chromic ch lo rid e  as cou p lin g  a gen t; po lyv in y lp yrro lid on e  (PVP) 
instead o f  absorbed normal ra b b it  serum in  the d ilu e n t ; and human 
group O e r y th rocy tes , ch ick  c e l la  and la te x  p a r t ic le s  as su b stitu tes  
fo r  sheep c e l ls  was a ls o  eva lu ated . In a d d it ion , the in c lu s ion  o f  
2-mercaptoethanol (2-ME) in  the d ilu en t as a s ta p le  means o f  removing 
h eteroph ile  a gg lu tin in s (IgM ), and o f  inproving  the c o rr e la t io n  between 
t i t r e s  estim ated by the in d ir e c t  haem agglutintion and tox in  neutra­
l iz a t i o n  techniques was in v e s tig a te d .
MATERIALS AND METHODS
E ryth rocy tes . Sheep c e l l s  in  A ls e v e r 's  s o lu tion  were obtained 
com m ercially (Wellcome Reagents L td . , Wellcome Research L aborator ies , 
Beckenham, Kent). The c e l l s  were u sually  f ix e d  w ith in  a day or  two 
o f  r e c e ip t ,  but could  be f ix e d  s a t is f a c t o r i l y  a f t e r  storage fo r  period s  
o f  up to two weeks at 4°C. Group 0 c e l l s  were c o l le c t e d  in  ACD a n ti­
coagulant (Appendix v i )  from human v o lu n teers . Chick c e l l s  were 
c o l le c t e d  in A ls e v e r 's  s o lu t io n .
Latex p a r t ic le s .  B acto-Latex (0 .8 1 ) was obtained  from D ifco  
Laboratories (P.O.Box 14B, C entral Avenue, West M olesey, Surrey).
Tetanus to x o id . Batch V.G .T. N o.6 , o f  pu rity  1666 Lf/mg p rote in  N and 
concen tra tion  1000 L f/m l, was su pp lied  by the R ijks Institu u t o f  the 
Netherlands (Appendix v i i ) .
D iluen t. Oxoid phosphate b u ffe re d  sa lin e  (PBS) con ta in in g  0 .5Z  h ea t- 
in a ctiv a ted  normal ra b b it serum (NRS) was used as suspension medium fo r  
the storage o f  s e n s it iz e d  c e l l s ,  and as d ilu en t f o r  the preparation  o f  
antiserum d ilu tio n s  in  the haem agglutination t i t r a t io n .  The rabb it serun 
was f i r s t  absorbed w ith  an equal volume o f  washed, packed sheep c e l l s ,  
and s to red  in  small volumes at -20°C  u n til requ ired . To prevent 
b a c te r ia l contam ination , a 1 slOOOO concen tra tion  o f  Thiomersal (E li 
L i l ly  4 C o ., L td ., B asingstok e, England) was added to the NRS-PBS
d ilu e n t .
M icr o titr e  equipment. D isposable polystyrene m ic r o t i t r e  t it r a t io n  
p la tes  w ith  U-shaped w ells  were used together with the metal m icro- 
d ilu te r s  and d isposa b le  m icrop ip ettes  o f  the Cooke M ic r o t it e r  System 
(Dynatech L aboratories L td ., Daux Road, B illin g s h u r s t , Sussex).
A n tise ra . For most o f  the experim ents, an i n i t i a l  1 :2  and 1:3 
d ilu t io n  o f  the saiw d ilu ted  sample o f  human a n t ito x in  was t it r a te d  
along with a sample o f  the B rit ish  Standard A n titox in  contain ing  
O .lu /m l. In some experim ents, t i t r a t io n s  were perform ed on rabbit 
a n tise ra  c o l le c t e d  ten days a f t e r  an in je c t io n  o f  2 ml o f  adsorbed 
tetanus tox o id  o f  concen tra tion  40 L f/m l.
Chemical reagen ts. (a ) 50Z glutaraldehyde (B.D.H. Chemicals L td .,
P oo le , E ngland); (b ) formaldehyde (B .D .H .) ;  ( c )  p y ru v ic  aldehyde
(Koch-Light L aboratories L td ., Colnbrook, Bucks, E ngland); (d) tannic 
a c id  (B .D .H .); (e )  chromic c h lo r id e , CrCl36H20 (B .D .H .) ;  ( f )  p o ly ­
v in y lp yrro lidon e  (May & Baker L td . ,  Dagenham, E ngland); (g)
2-m ereaptoethanol (B .D .H .).
General procedure fo r  the s e n s it iz a t io n  o f  sheep c e l l s .
G lutaraldehyde f ix a t i o n . I n i t ia l l y ,  the technique used was e s s e n t ia lly  
the same as that o f  Bing e t a l . ,  (19 69 ). Blood c e l l s  from a se le c te d  
sheep are washed three times in  is o to n ic  sa lin e  (0 .8 5Z  v /v  “  0.15M) or  
u n til  the supernatant is  c le a r  and c o lo u r le s s . The packed c e l l s  are 
then d ilu te d  to  a 2Z suspension with 1Z g lutara ldehyde in  a sa lt  
s o lu t io n  c o n s is t in g  o f :
NaCl (0.15M) 9 vo1*
NSjHPO  ^ (0.15M) ad justed  to pH8.2 with
KH2P04 (0.15M) 1 vo1*
D ie t , water 5 vo1*
The mixture is  placed in an ic e -b a th  fo r  30 min, and shaken o cca s io n a lly  
during the p e r iod . A fter  f ix a t i o n , the c e l l s  are c e n t r ifu g e d , and 
washed two o r  three times with s a l in e , then two or  th ree  times with 
d i s t i l l e d  w ater. A 10Z suspension o f  the f ix ed  c e l l s  i s  prepared in 
Oxoid PBS conta in in g  1:10000 Thiom ersal, and the suspension  is  s tored  
at 4°C.
A fte r  the optimal con d ition s  f o r  c e l l  s e n s it iz a t io n  had been 
determ ined, i t  was found that the procedure fo r  glu tara ldehyde f ix a t io n  
could  be s im p li f ie d , w ithout lo s s  o f  s e n s i t iv i t y ,  by u sin g  sa lin e  alone
with the phosphate b u ffe r  o f  pH8.2 in the » a l t  so lu tio n , and by f ix in g  
at room temperature (approx. 20°C) fo r  30 m inutes.
Tanning procedure. Equal volumes o f  10Z g lu ta ra ld eh yd e-fixed  c e l l s  
and fre sh ly  prepared 1:60000 tannic acid  are mixed and placed in  a 
water bath at 37°C fo r  15 minutes. The m ixture i s  shaken p e r io d ic a l ly .  
The c e l ls  are then cen trifu ged , washed once w ith  sa lin e , and resuspended 
in  0.15M phosphate b u ffe r  o f  pH6.4 at a c on cen tra tion  o f  10Z 
S en s it iza tion  with tetanus toxo id . Fqual volum es o f  10Z f ix e d , tanned 
red c e l l s  in  b u ffe r  o f  pH6.4 and tetanus to x o id  at a concen tra tion  o f  
50 L f/m l (approx.0 .2  mg/ml) are placed in  a w a ter  bath at 37 C fo r  
60 minutes. The mixture is  shaken p e r i o d ic a l ly .  The sen s it iz ed  c e l l s  
are then cen tr ifu g ed , washed three times w ith  0 .5 Z  NRS-PBS d ilu e n t , and 
stored  at 4°C as a 10Z suspension in d ilu en t con ta in in g  1:10000 
Thiom ersal.
Assay o f  tetanus an titox in  by the m icro-haem agglutination technique. 
Preparation o f  an tiaera  and c e l l  suspension. A ntisera for  t i t r a t io n  
are in a ctiva ted  at 56°C fo r  30 minutes and absorbed  with an equal volume 
o f  washed, packed sheep c e lla  at room tem perature fo r  15 to 30 minutes.
For the preparation  o f  the c e l l  su sp en sion s, s en s it iz ed  and 
n on -sen s itized  f ix ed  c e l ls  are d ilu ted  to an 0 .5 Z  concentration  in  
the NRS-PBS d iluent accord ing to  th e ir  haem atocrit values.
T itra tio n  procedure. Twofold s e r ia l d ilu t io n s  o f  test sera and Standard 
A n titox in  are prepared in 0.5Z PBS-NRS d ilu e n t using Cooke d isposa b le  
m icrop ipettes  fo r  add ition  o f  the d iluent in  0 .0 2 5  ml volumes and 0.025 
ml metal m icrod ilu ters  fo r  s e r ia l d ilu tio n  o f  the antisera . The 
d ilu te r s  are pre-wet to  ensure accurate f i l l i n g  by ca p illa ry  a c t io n , and 
are subsequently emptied and checked fo r  d e l iv e r y  volumes on a d e liv ery  
te s te r .  Excess f lu id  i s  removed from the o u ts id e  o f  the m icrod ilu ters  
by r o l l in g  them on a dry paper tow el. The m icrod ilu te rs  are f i l l e d  by 
contact with the su rfa ce  on ly o f  the serum sam ples, and s e r ia l d ilu tio n s  
then prepared by ro ta tin g  the d ilu te r s  back and forth  at the rate o f  four 
tinms per second fo r  a period  o f  e igh t seconds in  each su ccessive  w ell 
(Cooper, Bowie 4 Owen, 1972).
For the t e s t ,  0.025 ml volumes o f  0 .5 Z  suspensions o f  
s en s it iz ed  c e l l s  are added to  the w ells  c o n ta in in g  d ilu tions o f  an tisera .
For c o n t r o l« , n on -sen sitized  fixed  c e l l s  sre  added to  1 j2 d ilu tions 
o f  the te s t  sera to  check fo r  the presence o f  n o n -s p e c i f ic  agg lutin ins; 
and sen s itized  and n on -sen sitized  c e l l s  are added to  w e lls  containing 
d iluent only to check fo r  au to -a gg lu tin a tion . P l a s t i c  disposable 
p la tes  may carry a s ta t ic  charge which tends to p u ll d rop s , net fu lly  
fornmd, in to  the w e lls ; the charge is  removed by w ip ing  the under­
su rfa ce  o f  the p la tes  with a damp c lo th . A fte r  a d d it io n  o f  the c e l l s ,  
the contents o f  the w e lls  are mixed by h o ld in g  the p la te s  in the palm 
o f  one hand and tapping gently with the other about ten  times on each 
sid e  o f  the p la te .
Reading and in te rp re ta tion  o f  en d -po in ts . rhe haem agglutination 
reaction s are graded as fo llo w ss -
U* ■ mat o f  c e l l s  covering the e n tire  area o f  the bottom  of the 
w e ll.
3+ .  mat o f  c e l l s  coverin g  a s l ig h t ly  reduced a rea  o f  the w ell.
2* ■ mat o f  c e l l s  with a narrow band o f  unagglu tinated  c e l ls  
around the periphery.
!♦  -  mat o f  c e l l s  coverin g  a reduced area with a w ider  peripheral 
band o f  unagglutinated c e l l s .
♦ / -  -  small mat o f  c e l l s  r e s tr ic te d  to  the c e n t r a l p ortion  o f  the 
w e ll.
-  -  d iscre te  r in g  o f  c e l l s .
The h ighest d ilu t io n  o f  an antiserum g iv in g  a 1+ a g g lu t in a tion  reaction  
is  taken as the end-point d ilu t io n . By conven tion , f ig u r e s  expressing 
end-point d ilu tion s  do not take in to  account the d i lu t i o n  caused by the 
a dd ition  o f  erythrocyte  suspension. The a n tito x in  concen tra tion  o f  an 
unknown serum may be ca lcu la ted  in terms o f  "haem agglutin in  units"
(HU) on the ba s is  o f  an assumption that the en d -p o in t o f  a test serum 
has the same unitage as that o f  a standard a n tito x in  g iv in g  a 1* 
agg lu tin ation  r ea c tion . For a v a l id  t i t r a t io n ,  there must be no 
agg lu tin ation  o f  n on -sen sitized  c e l l s  by the antiserum , o r  o f  sen sitized  
or n on -sen sitized  c e l l s  in  d iluent a lone.
Results o f  in vestiga tion s  descr ib ed  here a re  expressed in two 
ways, v iz :  as r e c ip r o ca ls  o f  the h ighest serum d ilu t i o n s  g iving 1+ 
r e a c tio n s , and in  the form o f  scores represen tin g  the mean value o f  the 
sum o f  the agg lutination  reaction s in each w e ll ,  graded from 0 to 4,
«  H
fo r  a s in g le  t i t r a t io n .  The value o f  the score i s  that i t  provides 
a means o f  d if fe r e n t ia t in g  those a n tise ra  which happen to  have the 
same en d -po ints  but which vary in  th e ir  degree o f  haem agglutinating 
a c t iv i t y .
I f  a fo u rfo ld  d if fe r e n ce  in t i t r e  i s  the c r it e r io n  demanded 
fo r  r e a l s ig n if ic a n c e , then responses to  small changes ( o f  arb itra ry  
magnitude) in  the v a ria b les  te sted  are not always s ig n if ic a n t . 
N everth e less , a trend towards the optim al i s  usually  ev id en t.
M oreover, the v a l id ity  o f  these trends i s  supported by the consistency  
o f  r e s u lts  obtained when each experim ent, performed in  d u p lic a te , was 
repeated using a fresh  sample o f  b lood  from the same animal.
Furthermore, the t it r a t io n  o f  two s e r ia l  d ilu tio n s  prepared from a 
1 :2  and a 1 :3  in i t i a l  d ilu t io n  o f  the same antiserum g ives more 
in form a tion  than is  usually  provided by t it r a t io n  o f  a s in g le  two­
fo ld  s e r ie s  with i t s  r e la t iv e ly  la rge  inherent e r ro r . S p e c i f ic i ty  
o f  the haem agglutination rea ction s  was esta b lish ed  by the demonstration 
o f  com plete absence o f  agg lu t in a tion  when small amounts o f  tetanus 
to x o id  were added to  a n titox in  d ilu t io n s  be fore  the ad d ition  o f  
s e n s it is e d  c e l ls  (S ta v itsk y , 19 54 ), i . e .  n eu tra lis in g  amounts.
EXPERIMENTS AND RESULTS
Determ ination o f  the v a ria b les  a f f e c t in g  se n s it is a t io n  o f  sheep red 
c e l l s .
Source o f  sheep c e l l s . Results o f  sev era l experiments in v estig a tin g  
the s u i t a b i l i t y  o f  red c e l l s  from d if fe r e n t  sheep fo r  tetanus an titox in  
assay by in d ire ct  haem agglutination are summarized in  table  16. 
C onsiderable va ria tion  is  e v id en t. Consequently, a s in g le  sheep -  N o.16 -  
was se le c te d  as c e l l  donor fo r  a l l  subsequent experim ents. The non­
s p e c i f i c  agg lu tin ation  shown by c e l l s  from sheep N o.145 could  be 
elim in ated  by the use o f  an increased  concen tra tion  o f  normal rabb it 
serum in  the d ilu en t.
Optimal cond ition s fo r  tanning. Prelim inary checkerboard t it r a t io n s  
in  which both the concen tra tion s o f  tann ic a c id  and o f  tetanus toxoid  
were varied  ind icated  that the former in flu en ced  the s e n s it iv i t y  o f  the 
f in a l  c e l l  preparation  as much as d id  tfce la t t e r .  Table 17 shows
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the e f fe c t  o f  d i f fe r e n t  concentration« o f  tannic acid  on the 
s e n s it iv i ty  o f  the system. Other varia b les  o f  the tanning procedure 
in vestiga ted  were the temperature o f  the p rocess (tab le  1 8 ); the 
duration o f  exposure o f  f ix e d  c e l l s  to tannic a c id  (ta b le  1 9 ); and 
the nature o f  the nmdium in  which the f ix e d  c e l l s  were suspended 
during tanning (ta b le  2 0 ). Results in d ica te  that a 1:60000 d ilu tio n  
o f  tannic ac id  mixed with an equal volume o f  102 glutaraldehyde f ixed  
sheep c e l ls  in  PBS at 37°C fo r  15 minutes p rovides optim al con d ition s . 
Continuous a g ita tio n  during the tanning procedure did not enhance the 
s e n s it iv i ty  o f  the system.
Optimal con d ition s  fo r  s e n s it iz a t io n . R esults o f  experiments on the 
e f fe c t  o f  such va r ia b les  as concentration  o f  s e n s it is in g  tetanus 
tox o id ; time o f  exposure to  tetanus t o x o id ; pH; and temperature on 
the s e n s it is in g  procedure are given in  ta b les  21, 22, 23 and 24 
re sp e c tiv e ly . The fin d in gs indicate  that an in i t i a l  tetanus toxoid  
concentration  o f  about 50 Lf/ml (0 .2  mg/ml)  mixed with an equal volume 
o f  102 tanned c e l l s  in  b u f fe r  o f  pH 5.6-6.4 fo r  60 minutes at a 
temperature o f  56°C prov ides optimal c o n d it io n s . However, although 
t it r e s  were h igher a fte r  s e n s it isa tio n  at 56°C, a tenperature o f  37 C 
was genera lly  used fo r  convenience. Continuous a g ita tio n  during the 
process o f  s e n s it is a t io n  had no e f fe c t  on s e n s it iv i ty .
Importance o f  the concen tra tion  o f  s e n s it is e d  c e i l s . I t  is  obvious 
that the concen tra tion  o f  s e n s it is e d  c e l l s  has a pronounced e f f e c t  on 
the t i t r e s  obtained  (ta b le  2 5 ). S e n s it iv ity  increases s ig n if ic a n t ly  
as c e l l  concen tra tion  d ec-ea ses . However, the haemagglutination 
reaction s tend to  become more d i f f i c u l t  to  read with reduced c e l l  
nuafcers, and th is  imposes a lower lim it to  the c e l l  concentration  
which is  p ra c t ica b le .
Conparison o f  methods fo r  aldehyde f ix a t io n .
I n i t ia l  comparisons o f  the f in a l  s e n s it iv i ty  o f  sheep c e l l s  
fixed  by glutaraldehyde a ccord in g  to the procedure o f  Bing e t a l . ,  
(1969) and by formaldehyde according to  Csizmas (1960) showed that the 
former gave c e l l  p reparations o f  greater s e n s it iv i ty  (ta b le  26). 
Subsequent in v estig a tion s  included c e l l s  f ix ed  by the s in p le  
form alin ization  procedure o f  Galazka 4 Abgarowicz (1967) and by
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pyruvic aldehyde (L ing, 1961). R esults in d icate  that there ia no 
d iffe ren ce  in  the fin a l a e n a it iv ity  o f  aheep c e l l s  f ix ed  by the 
simple method o f  Galazka & Abgarowicz and those f ixed  by the more 
te ch n ica lly  e la borate  procedure o f  Csizmas, but that the s e n s it iv i t y  
o f  aheep c e l l s  f ix ed  by glutaraldehyde or  pyruvic aldehyde is  h igher 
(tab le  27 ). Furthermore, the use o f  c e l l s  f ix ed  by glutaraldehyde 
or  pyruvic aldehyde resulted  in le s s  v a ria b le  t i t r e s  fo r  human 
an titox in  on repeated p rocessin g . O therwise, the f ix ed  c e l l s  were 
equ iva len t, and could not be d i f fe r e n t ia te d  on the ba s is  o f  c r i t e r ia  
used by Ling (19 61 ), e .g .  ly s is  during p reparation ; m icroscopic 
appearance; tendency to  spontaneous agg lu t in a tion ; s t a b i l i t y  towards 
water and m echanical s t a b i l i t y .
Comparison o f  chromic ch lo rid e  and tannic a c id  as coupling agents.
Sheep c e l l s ,  with and w ithout p r io r  treatment by activa ted  
papain, were se n s it iz e d  by exposure to  tetanus toxoid  in  the presence 
o f  an O .lX (w/ v)  so lu tion  o f  chromic c h lo r id e  in  a a lin e  fo r  4-5 
minutes. (Gold 4 Fudenberg, 1967; N elson , 1973). Both the enzyme- 
treated  and untreated c e l ls  gave v ir tu a lly  the same t i t r e s  and s co res  
fo r  human and equine a n titox in s as d id  sheep c e l l s  to  which tetanus 
toxoid  had been linked by tannic a c id .
Glutaraldehyde as both f ix in g  and coup lin g  agent.
C eil preparations fo r  which glutaraldehyde was used as both  
f ix in g  and coup lin g  agents, based on the techniques o f  Avrameas,
Taudou 6 Chuilon (1969) and Onkelinx e t  a l . ,  (1969 ), gave t i t r e s  f o r  
human a n tito x in  not s ig n if ic a n t ly  d i f fe r e n t  from those obtained when 
g lu ta ra ldeh yde-fixed  c e l ls  were coupled to tetanus toxo id  by tannic 
a c id . However, the scores were low , i . e .  the agglu tin ation  rea c tion s  
were o f  poor q u a lity , and the s e n s it iz e d  c e l l s  did not react with 
the equine standards.
Use o f  Oxoid phosphate b u ffered  sa lin e  (PBS) contain ing  po ly v in y l­
pyrrolidone (PVP) as d ilu en t.
PVP d id  not prove to be an e f fe c t iv e  su b stitu te  fo r  absorbed 
normal rabb it serum (NRS) in  the d ilu e n t . Diluents o f  PBS conta in in g  
PVP at a concen tra tion  o f  0.35Z as used by Borduas 6 Grabar (1953) 
and at a h igher concentration  o f  1.5Z were tested  in p a r a l le l with
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0.5Z  NRS-PBS. Only the la t t e r  p reven ted  t o ta l  a gg lu tin ation .
Uae o f  su b st itu te «  f o r  aheep e r y t h r o c y t e » .
H-M—n group 0 e r y th r o cy te s . Three d i f fe r e n t  batches o f  human group 
0 c e l l s  were in v e s t ig a te d , but a l l  showed a tendency towards 
spontaneous ag g lu t in a tion  a f t e r  s e n s it is a t io n . The tendency was not 
counteracted  by an in crea se  in  th e  concen tra tion  o f  normal rabbit 
serum, p rev ious ly  absorbed  with human group 0 c e l l s ,  from 0 .5 *  to 
e ith e r  1 or  2* in  the d ilu e n t . A a in g le  attempt at s e n s it is in g  
human group 0 e ry th rocy tes  by the method o f  Nelson (1973) produced 
c e l l s  o f  low s e n s i t iv i t y .
Chick e r y th r o cy te s . S ince on ly  on e  in  twenty o f  the N igerian sera 
tested  by Greenwood (1970) p o ssessed  h eteroph ile  a n tib od ies , a batch 
o f  c e l l s  from th is  s p e c ie s  was a l s o  sen s it iz ed  and te sted  against 
human and equine a n t i t o x in s . The a gg lu tin ation  reaction s were 
uniform ly weak or  n e g a tiv e , how ever.
Latex p a r t ic le s . D iffe re n t  d i lu t i o n s  o f  the D ifc o  suspension o f  la tex  
p a r t ic le s  ( 1 . 5* ) were s e n s it iz e d  w ith  tetanus toxo id  o f  concentrations 
ranging from 10 to  1000 L f/m l in  b u f fe r s  o f  PBS, b ora te -sa lin e  
(Salonon 4 Tew, 1968) and g ly c in e  (Kende, 1969 ). None o f  the resu ltin g  
preparations c o n s is te n t ly  produced  agg lu t in a tion  reaction s in  accord 
with reasonable ex p ecta tion s  and th e  haem agglutination r e s u lts , e .g .  
assays performed on samples c o l l e c t e d  be fore and a fte r  boos te r  doses 
o f  tetanus toxo id  sometinms gave the same t i t r e s  when those obtained 
by the haem agglutination tech niqu e were s ig n if ic a n t ly  d i f fe r e n t . 
Washing the s e n s it iz e d  la te x  p a r t i c l e s  by cen tr ifu g a tion  to  remove 
any excess tetanus tox o id  d id  n ot improve the r e s u lts .
Use o f  a d ilu en t con ta in in g  2-me reap  toe thanol (2-ME).
A deniyi-Jones (1957) and Greenwood (1970) have shown that 
the agg lu tin atin g  a c t iv i t y  o f  h e te r o p h ile  agg lu tin in s  can be elim inated 
by treatment with 2-ME. Newell e t  a l .  (1971) have pointed  out that 
the IgM content o f  t e s t  sera  ia  p rob ab ly  re spon sib le  fo r  the 
observation  that IHA t i t r e s  u s u a lly  exceed TN t i t r e s  when the former 
are estim ated in haem agglutinin u n its  by comparison with equine 
standards which lack IgM. Furtherm ore, the fa c t  that the r a t io s  o f  
IHA:TN t i t r e s  o f  v o lu n teers  g iven  vaccin es o f  d i f fe r e n t  concentrations 
o f  tetanus toxo id  and adjuvants w ere higher in  su b je c ts  rece iv in g  the
le s s  an tigen ic  vaccines and that a l l  r a tio s  f e l l  s ig n i f i c a n t ly  with 
the la te r  bleed ings (E d sa ll, personal consBunication) su ggests  that 
the haem agglutinating antibody responsible  fo r  the d iscrepa ncy  was 
IgM. T h erefore , the use o f  a d ilu en t contain ing  2-ME, a disulphide 
bond-reducing agent that reduces IgM but not IgC (Deutsch & Morton, 
1957 ), was in vestiga ted  as a simple means o f  s im ultaneously avoiding 
the n e ce ss ity  fo r  the absorption  procedure and o f  ob ta in in g  
haem agglutination t i t r e s  that co rr e la te  more c lo s e ly  w ith  those 
determined by tox in  n e u tra liz a tio n .
For the in a ctiv a tio n  o f  the heteroph ile  a g g lu t in in s , 
d ilu t io n s  o f  sera were prepared in the usual manner in  d ilu en ts  
c o n s is t in g  o f  0.5X NRS-PBS p lus 2-ME to a f in a l con cen tra tion  of 
0.1M and o f  NRS-PBS a lone. The haemagglutination trays were then 
p la ced  in a moist cha rter at 37°C fo r  a period  o f  30 minutes before 
ad d ition  o f  the se n s it iz e d  c e l l s .  As the presence o f  2-ME had no 
adverse e f f e c t  on the appearance o f  the haem agglutination reactions, 
sera  were t it r a t e d  without p r io r  d ia ly s is  and without the addition 
o f  iodoacetam ide. The function  o f  the l a t t e r  la to  p revent re­
aggregation  o f  the IgM when mercaptoethanol i s  removed, s o  i t s  use 
d id  not seem to  be ind icated  in  the system being in v e s tig a te d .
The c h o ice  o f  30 minutes as a su ita b le  period  o f  exposure to  the 
a c t io n  o f  2-ME was based on the resu lts  o f  t it r a t io n s  conducted on 
sera  c o l le c t e d  from rabb its  ea r ly  in the primary immune response to 
tetanus toxo id . From these t it r a t io n s , a period  o f  30 minutes 
appeared to be adequate fo r  reduction  o f  the 2-M E -sensitive antibody 
because no further reduction  in  t it r e s  occurred  with a lon ger  period 
o f  exposure (ta b le  2 8 ). Twenty-four Gartian sera were te s te d  against 
f ix e d , n on -sen s itized  sheep c e l l s  in d ilu en ts  with and w ithout 2-ME.
Of the twenty-three sera which possessed agglutin ins a t a r i t r e  of 
1:4 o r  g rea ter , on ly  ten ( i . e .  approx 50X) gave negative t i t r e s  in 
the presence o f  2 -ft . . Hence the addition  o f  2-ME to  the diluent 
used fo r  the preparation  o f  serum d ilu tio n s  does not p rov id e  a re lia b le  
means o f  avoid ing the need fo r  serum absorption .
More success wes obtained  with the use o f  2-ME in  the 
d ilu en t as a means o f  improving the c o rre la tion  between haemagglut­
in a tio n  and tox in  n eu tra liz a tion  t i t r e s .  T itra tion s  conducted  on

fo rty -o n e  human antisera in the presence and absence o f  2-MF 
showed that th e  presence o f  2-MF. in the d ilu en t resulted  in  IHA 
t i t r e s  that c o rr e la te d  more c lo s e ly  with TN l i t r e s  o v e r a l l ,  although  
i t  made no d i f fe r e n c e  fo r  some sera . The fo rty -on e  sera com prised 
a com posite  group  co lle c te d  at various stages o f  the immune respon se  
to tetanus t o x o id ,  i . e .  a f t e r  one, two or three in je c t io n s  o f  
to x o id ; and included  a small group o f  an tisera  c o lle c te d  d u ring  a 
primary or  e a r ly  secondary response to  tetanus toxoid  by Ugandan 
p atien ts  w ith  T rop ica l Splenomegaly Syndrome, a con d it ion  char­
a c te r ize d  by an  abnormally high to ta l serum IgM con cen tra tion  o f  more 
than 4 mg/ml . These an tisera  were supplied by, and studied in  c o l ­
la b ora tion  w it h . Dr. John L. Z ieg le r  now at N .I.H ., Bethesda,
Maryland.
The r e la tio n  between the IHA and TN t i t r e s  o f  the f o r t y -  
one se ra , w ith  the la tte r  estimated in the presence and absence o f  
2-MF., i s  shown in  figu res 8 and 9 r e s p e c t iv e ly . For these com­
p a r ison s . upper lim its  on ly o f  the t i t r e  range as determined by 
tox in  n e u tr a liz a t io n  are taken; s in ce , with the tox in  n e u tr a liz a t io n  
technique u se d , the actual t i t r e  o f  at. antiserum is  grea ter  than the 
lower l im it  o f  the range quoted but may be le s s  than or equal t o  the 
upper l im i t .  The respective  regression  equations and c o r r e la t i o n  
c o e f f i c i e n t s  ( r )  fo r  these r e su lts  are:
Y -  0 .93x ♦ 0 .1 3 ; r -  0.84
where Y i s  th e  TN t it r e  and x i s  the IHA t i t r e  with 2-ME 
and Y -  0 .89x -  0 .0 4 ; r -  0.81
where Y i s  th e  TN t it r e  and x i s  the IHA t i t l e  without 2-MF.
Although the IHA t it r e s  tend to  correspond b etter  with the TN t i t r e s  
in  the p resen ce  o f  2-MF. than in  i t s  absence, there was no s ig n i f i c a n t  
d i f fe r e n c e  between the s lope o f  e ith er  regression  l in e  and the id e a l 
l in e  by t t e s t s .  However, i t  can be seen that the regress ion  
c o e f f i c i e n t s  a r e  c lo se r  to  the idea l value o f  1 when assays are 
performed in  th e  presence o f  2—ME. Furthermore, t i t r a t io n s  o f  
a n tisera  from  th e  selected  Ugandan su b jects  with high serum IgM 
le v e ls  d id  show that the use o f  a diluent contain ing  2-MF can s i g n i f i ­
ca n tly  reduce haem agglutination t i t r e s  to  values that approach or  
equal th ose  obta in ed  by tox in  n eu tra liza tion  (Table 29 ).
Antitoxin titres by I HA (Hlj^ml)
Fig . 8 Tetanus an titox in  values by haem agglutination  (HU/ml) in  the
presence o f  2-m ercaptoethanol p lo tte d  a g a in st an titox in  values 
obtained by toxin  n eu tra liz a tion  (AU/ml)  . Numbers in  c i r c l e s  
represent frequency o f  t i t r e s  at p a r t ic u la r  le v e ls .
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Antitoxin titres by IHA (HIJ/ml)
Fig. 9 Tetanus a n titox in  values by haem&gglutination (HU/ml) p lo t te d  
aga in st the an titox in  values obtained by tox in  n eu tra liz a tion  
(A U /m l). Numbers in c i r c le s  represent frequency o f  t i t r e s  
at p a r t ic u la r  le v e ls .
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D I S C U S S I O N
A system atic in v es tig a tion  o f  the varia b les  a f f e c t i n g  
the a p p lica tio n  o f  g lu ta ra ld eh yd e-fixed  sheep c e l l s  to  the assay 
o f  tetanus an titox in  by the in d ir e c t  haem agglutination technique 
was undertaken fo r  the purpose o f  d e f in in g  the optim al c o n d it io n s  
fo r  the assay. As a screen ing procedu re , the in d ir e c t  haem- 
agg lu tin ation  te st has the advantage o f  be in g  p o te n t ia lly  h ig h ly  
s e n s it iv e ; th is p o ten tia l may be r e a liz e d  by the use o f  optim al 
cond ition s fo r  p rocessin g  the c e l l s  and conducting the assa y s . 
Furthermore, in the course o f  th is  in v e s t ig a t io n  i t  was observed  
that the problems o f  weak a gg lu tin ation  reaction s and lon g  
prozones w ith equine a n tito x in s , f i r s t  reported  by Fulthorpe 
(19 57 ), were la rge ly  overcome by the use o f  e rythrocy tes  p rocessed  
op tim a lly . Since i t  is  an accepted and convenient p r a c t ic e  to  
express haemagglutination t i t r e s  fo r  tetanus a n titox in  in  te rn s  o f  
"haem agglutinin u n its " (HU) instead o f  en d -po int d i lu t io n s  by 
comparison o f  these d ilu tio n s  with those given by a standard equine 
a n tito x in  in the same system (Levine & Wyman, 1964b; Newell e t  a l . ,  
1971 ), any reduction in the haem agglutinating a c t iv it y  o f  the 
standard an titox in s w i l l  fa ls e ly  in f la t e  the HU va lu es. Hence the 
improved r e a c t iv ity  o f  the equine standards with c e l l s  s e n s it iz e d  
under optim al cond itions a lso  leads to  the estim ation  o f  tetanus 
a n titox in  in  haemagglutinin un its which c o rr e la te  more c l o s e ly  with 
the t i t r e s  obtained by tox in  n e u tr a liz a t io n . This i s  o b v io u s ly  o f  
value where the haemagglutination r e s u l ts  are used as gu ides to  the 
s e le c t io n  o f  an titox in  d ilu tio n s  fo r  t e s t in g  by tox in  n e u tr a l iz a t io n , 
and even more inportant when tetanus a n t i to x in  t it r a t io n s  are 
determined by the in d ire ct  haem agglutination te st a lon e .
Principal fa c to rs  governing the f in a l s e n s i t iv i t y  o f  
g lu ta ra ldeh yde-fixed  sheep c e l ls  are the concen tra tion  o f  ta nn ic  
ac id  and tetanus toxo id  used in p ro c e ss in g  the c e l l s ,  and the 
concen tra tion  o f  s en s it iz ed  c e l l s  used in  the t i t r a t io n s .  In genera l, 
cond ition s are not as inq>ortant as c on cen tra tion s , but they can have 
a considera b le  in flu en ce . V ariations in  the time and teng>erature o f
exposure o f  tanned c e l l s  to tetanus to x o id , fo r  example, resulted  
in  s ig n if ic a n t  d i ffe r e n ce s  in  the s e n s it iv i ty  o f  the coated  c e l l s .  
Another major fa c to r  in flu en cin g  s e n s it iv i ty  i s  the source o f  
sheep c e l l s ,  hence a s in g le  animal should be used as c e l l  donor.
For a l l  these v a r ia b le s , d if fe r e n ce s  o f  more than fo u r fo ld  in  t i t r e  
occu rred  with e ith e r  the human o r  equine a n titox in s  ov er  the range 
o f  v a r ia b le  te sted . Other v a r ia b les  causing a d if fe r e n ce  equal to  
f o u r fo ld  in  t it r e  were the time and temperature o f  the tanning 
p ro c e s s , and the pH o f  the tanning and s e n s it iz in g  procedures.
Of course , the apparent importance o f  a v a r ia b le  depends 
t o  a large extent on the in te r v a l widths and range o f  values 
chosen  fo r  te s t in g , and e s p e c ia l ly  on the values a r b i t r a r i ly  
s e le c te d  as d e fin in g  the lim its  o f  the range. O b viou sly , a four­
f o ld  d iffe re n ce  in  t i t r e  i s  more l ik e ly  to  occu r where a wide 
range is  te s te d . In th is  study , however, the values and range o f  
v a r ia b le s  in vestiga ted  were gen era lly  r e s t r ic t e d  to  those recommended 
by various authors fo r  tetanus a n titox in  assay by the haem agglutin- 
a t io n  technique with fresh  or  form alin ized  sheep c e l l s .  I t  may be 
conclu ded , then, that the concen tra tion  o f  s e n s it iz e d  c e l l s  is  the 
most inportant var ia b le  under the usual con d ition s  o f  assay s in ce  
v a r ia t io n s  in c e l l  concen tra tion  had the most pronounced e f fe c t  on 
t i t r e s .  The actual c e l l  concen tra tion  chosen fo r  use represented a 
compromise between s e n s it iv i t y  and r e a d a b ility . An 0 .2Z  concen tra tion  
is  h ig h ly  s e n s it iv e , but an 0 .5Z  concen tra tion  produces more 
readab le  end-points w h ile  s t i l l  r e ta in in g  s u f f i c ie n t  s e n s it iv i ty  f o r  
the d e te c t ion  o f  tetanus a n titox in  at le v e ls  lower than those norm ally 
d e te c te d  by the tox in  n e u tra liz a tio n  t e s t .  This i s  supported by the 
f a c t  that on ly two a n tise ra  out o f  a t o ta l o f  about seven hundred 
se r a  tested  by both methods gave a p o s it iv e  TN resu lt  in the absence 
o f  an IHA rea c tion .
D etailed  s tu d ies  on the in flu en ce  o f  v a r ia tio n s  in the 
procedures o f  f ix in g , tanning and s e n s it iz in g  sheep c e l l s  on f in a l 
s e n s i t iv i t y  have not been prev iou s ly  reported  fo r  the tetanus a n t i­
to x in  system; although i t  i s  known th at, fo r  in d ir e c t  haem agglutin- 
a t io n  techniques, the concen tra tion s and con d ition s  o f  importance 
vary with the s e n s it iz in g  antigen  (D an iel, Weyand 4 S ta v itsk y , 1963; 
H irata  6 B randriss, 1967). However, Fulthorpe (1959) sta ted  that 
the concen tra tion  o f  s e n s it iz in g  tetanus toxo id  was o f  im portance, and
a lso  demonstrated that the concen tra tion  o f  s e n s it iz e d  c e l l s  had a 
d e c is iv e  e f fe c t  on the t i t r e s  obtained .
The need to use b lo o d  from a s in g le  sheep fo r  con s is ten t 
and comparable resu lts  in  the t it r a t io n  o f  d iph th eria  and tetanus 
an titox in s  by haem agglutination  was s tressed  by Galazka 4 
Abgarowicz (1967). E v id e n t ly , the e ry th rocy tes  are not merely in er t  
c a r r ie r s  as might be im agined . Indeed, in  th e ir  in v e s tig a tio n s  o f  
various prote in  and p o ly sa cch a r id e  antigens with a ld ehyd e-fixed  
e r y th rocy tes , Hirata 6 B randriss (1967) found d if fe r e n c e s  o f  as 
much as th ir ty fo ld  in  t i t r e s  when batches o f  c e l l s  from d if fe r e n t  
ra b b its  were te sted . They a ttr ib u ted  the v a r ia tio n  to  d i ffe r e n ce s  
in  the surface c h a r a c t e r is t i c s  o f  the b lood  c e l l s  w hich , in turn, 
vary with the p h y s io lo g ic  s ta te  o f  the anim als. S im ila r ly , Hoq et 
a l .  (1971) reported s ig n i f i c a n t  d i ffe r e n ce s  in  the a b i l i t y  o f  
b lood  c e l l s  from d i f fe r e n t  sheep to absorb h e te ro p h ile  a gg lu tin in s 
from samples o f  human s e r a . In view o f  th is  f in d in g , the p o s s ib i l i t y  
o f  sheep c e l ls  being " lo w  r e a c to rs "  should be considered  whenever 
d i f f i c u l t i e s  a r ise  in  the cong>lete ab sorption  o f  serum sangles p r io r
Fixed e r y th r o cy te s  are used in p re ference  to  unfixed  
erythrocy tes  in the haem agglutination  technique because o f  th e ir  
resis ta n ce  to  l y s i s ;  s t a b i l i t y  on s to ra g e ; and ease in  handling. 
Coupling agents, in  p a r t ic u la r ,  tend to  damage unfixed b lood  c e l l s ,  
and the resu ltin g  h aem olysis  may in te r fe r e  w ith subsequent t it r a t io n s  
(Onkelinx e t a l . ,  19 69 ). Furthermore, Fulthorpe (1957) and Kyselova 
e t a l .  (1970) found that th e  r esu lts  o f  t i t r a t io n s  conducted with 
f ix ed  c e l l s  are g en era lly  more r e lia b le  and more reprod u cib le  than 
those conducted with u n fix ed  c e l l s .
From amongst the published  methods fo r  f ix in g  c e l l s  by 
aldehydes, the g lu ta ra ld e h y d e -fix a tio n  procedure o f  Bing e t  a l .
(1969) was chosen i n i t i a l l y ,  and then subsequently u p p lied  su ccess ­
f u l ly  in  a s im p lifie d  form . The method s t ip u la te s  a f ix a t io n  p eriod  
o f  on ly  30 minutes as compared to  the 18-24 hour time p er iod  usually  
employed fo r  f ix a t io n  by form aldehyde, and was shown here to  have 
the additonal advantages o f  g iv in g  more s e n s it iv e  c e l l s  and more
reproducib le en d -p o in te . Glutaraldehyde can act a* a coupling 
agent by linkage to  fr e e  amino acids o f  antigens (Avrameas e t  a l . ( 
1969)5 and, although i t s  coupling a c t iv i t y  was not s u f f ic ie n t ly  
powerful to allow  i t  to  b e  used fo r  that purpose in the technique 
described  in th is  s tu d y , i t  i s  l ik e ly  that the increased se n s it iv ity  
o f  c e l l s  fixed  by th is  b i fu n c t io n a l compound is  related  to it s  
coup lin g  a b i l i t y .
With regard to  the fix in g  o f  sheep c e l ls  by formaldehyde, 
a comparison o f  s e n s it is e d  c e l l  p reparations fixed  by the 
freq u en t ly -c ited  nmthod o f  Csizmas (1960) and the much sim pler 
procedure o f  Galazka 4 Abgarowicz (1967) ind icated  that f ix a tio n  by 
the more com plicated p rocedure o f  Caizmas o f fe r s  no advantages. 
M oreover, Herbert (1967) found that l i t r e s  obtained with c e l ls  
f ix ed  by the Csizmas nmthod were s ig n if ic a n t ly  a ffe cted  by storage 
fo r  nine months at 4°C in  contrast to  those obtained with c e l l s  
f ix e d  by s in g le  formal i n i  aa tion  procedure*. The sen s itiz ed  g lu ta r- 
a ldehyde-fixed  c e l l s  w hich  were prepared by the method described 
here maintained th e ir  s e n s i t iv i t y  fo r  a t lea st  s ix  months when stored 
at 4°C in  0.5X NRS-PBS d ilu e n t  contain in g  1:10000 Thiomersal.
The use o f  ta n n ic  acid  as a coup lin g  agent was f i r s t  
described  by Boyden ( 1 9 5 1 ):  the use o f  chromic ch loride fo r  th is 
purpose was f i r s t  d e s cr ib e d  by Jandl 4 Simmons (1957). The la tte r  
has been advocated as b e in g  pre ferab le  to  the former on the grounds 
that the coupling procedu re  is  less  com plicated and less  time- 
consuming (Gold 4 Fudenburg. 1967). However, when sen s itized  c e l ls  
which had been coupled  t o  tetanus toxo id  by tannic ac id  and by 
chromic ch loride were com pared, no d if fe r e n ce  was detected in  the 
s e n s it iv i ty  o f  the f in a l  c e l l  p repa ra tions, and nor was there any 
d iffe r e n ce  o f  p r a c t ic a l consequence in the times required for  
coup lin g  or  in  the e .s e  o f  performance o f  the coupling procedures. 
Further, i f  the r e s u lts  obtained  with chromic ch loride are not always 
r e l ia b le  unless a b u f f e r  such as p iperazine is  present -  as claimed 
by Poston (1974) -  then the tanning procedure has the advantage o f  
g reater sin g> licity . A ta n n ic  acid  s o lu t io n  for  coupling i s  prepared 
simply by d is so lv in g  the a c id  in d i s t i l l e d  water or sa lin e . Tannic
acid  tend* to  p re c ip ita te  i f  prepared in Oxoid PBS (Appendix i i i ) ,  
but i t  ia th ia  tendency which probably accounta fo r  the greater 
a en a itiv ity  o f  ca lla  auapended in  PBS during the tanning proceaa 
where p re c ip ita t io n  onto the c e l la  would be expected to  promote 
the reaction .
Aa a reau lt o f  h ia atudiea on the uptake o f  I-NRS by 
c e lla  already se n s it iz e d  with an tigen , S h io ir i (1964) propoaed 
that the most probable mechanisms o f  s ta b il iz a t io n  by 1% NRS ia 
the block ing  o f  unoccupied s i t e s  that would otherw ise tend to 
cause n o n -s p e c if ic  adherence. C erta in ly , the add ition  o f  a 
p rotein  s t a b i l iz e r  to the d ilu en t i s  necessary to avoid non­
s p e c i f i c  agg lu t in a tion ; and an increase in the concentration  o f  
the p rotein  w i l l  o ften  prevent the n o n -sp ec if ic  agg lu tin ation  
that o c ca s io n a lly  p ers is ts  at lower concentrations o f  the s ta b i l iz e r .  
P a ra dox ica lly , however, the 0.5Z NRS-PBS d iluent used in  early  
experiments o f  the study reported here a c tu a lly  caused n on -sp ec if ic  
agg lutination  because o f  b a c te r ia l contamination. The ease with 
which the 0 .5Z  NRS-PBS d ilu en t was su scep tib le  to contamination had 
not been appreciated  in i t i a l l y .  Replacement o f  the normal rabbit 
serum by po lyv in y lpyrro lidone  (PVP) was in vestiga ted  not only as a 
means o f  avo id in g  the procedure o f  absorption  o f  the NRS but a lso  
fo r  the purpose o f  p rovid ing a d ilu en t less  favourable to  b a cteria l 
growth. PVP d id  not prove to  be a useful su bstitu te  fo r  absorbed 
normal rabb it serum, however, and the problem o f  b a c te r ia l contami­
nation was overcome by the ad d ition  o f  Thiomersal to  a f in a l  concent­
ration  o f  1 : 10000.
The absorption  o f  serum samples by washed, packed sheep 
c e l l s  for  removal o f  heteroph ile  agglutin ins i s  a time-consuming, 
serum-consuming, and tedious procedure. For these reasons, various 
su bstitu tes  f o r  sheep c e l ls  in  the haemagglutination technique were 
in vestiga ted . However, n e ith er  human group 0 c e l l s ,  ch ick  c e l l s ,  
nor la tex  p a r t ic le s  provided an acceptable a lte rn a t iv e . I t is  o f  
in terest that the n o n -sp e c if ic  agg lutination  reaction s which occurred 
with the g lu ta ra ldeh yde-fixed  human c e l ls  were a lso  reported  by 
Ali-Khan (1974) fo r  human c e l l s  f ix ed  by th is  method.
Another approach that was t r ie d  in  an e f f o r t  to  avoid 
the n e ce s s ity  f o r  serum ab sorptions was the use o f  a d ilu en t 
con ta in in g  2-m ercaptoethanol f o r  the p rep a ra tion  and treatm ent o f  
the serum d i lu t i o n s .  The procedure was e f fe c t iv e  in  removing 
h eteroph ile  a g g lu t in in s  from only h a l f  o f  the sera te s te d , however. 
Such a r e su lt  i *  not e a s i ly  r e con ciled  w ith  those o f  A deniyi-Jones 
(1967) and Greenwood (1970) who reported  th at the h e te rop h ile  
a gg lu tin in s f o r  sheep c e l ls  were su s ce p t ib le  to  in a c tiv a tio n  by 
2-ME, but th ese  workers d id  su b je c t  th e ir  t e s t  sera to  a lk y la tio n  
by iodoacetam ide and p u r i f ic a t io n  by d ia ly s is  -  procedures not 
ju s t i f i e d  in  a method designed to provide a sim ple a lte rn a t iv e  to 
ab sorption .
The s in g le  technique o f  usinR 2-ME in the d ilu en t did 
resu lt  in  son* ingjrovenmnt in  the c o r r e la t io n  between haemagglut- 
in a tion  and t o x in  n e u tra liz a tio n  r e s u l ts . D ifferen ces o f  as much 
as fou r  o r  f i v e - f o l d  between IHA and TN t i t r a s  fo r  in d iv id u a l serum 
samples have freq u en t ly  been reported  (S u rja n  A Nyerges, 1962; 
C h atter jee , 19 64 ; Levine A Wyman, 1964b); and, indeed an IHA:TN 
t i t r e  r a t io  o f  as much as twenty was found fo r  ear ly  b leed in gs  
from su b je c ts  who received  the tetanus to x o id  preparation  o f  lowest 
a n t ig e n ic ity  in  the study on vaccines con ta in in g  d if fe r e n t  
concen tra tion s o f  tetanus to x o id  and ad juvant (E d sa ll, personal 
coim sunication). Presumably, the in a c t iv a t io n  o f  IgM by the use o f  
2-ME in  the haem agglutination  technique h e lp s  reduce the d i f fe r e n t ia l .  
More im p orta n tly , i t s  use r e su lts  in  a more v a lid  assessment o f  the 
p ro te c t iv e  l e v e l  o f  a n titox in  s in ce  Ourth A E dsall (1972) showed 
that the IgM component o f  ra b b it tetanus a n t ito x in  was not capable 
o f  n e u tra liz in g  tox in  to  any s ig n if ic a n t  e x te n t .
N e v er th e le ss , i t  was observed th a t , fo r  in d iv id u a l sera , 
the presence o f  2-ME in the haem agglutination  te s t  sometimes made no 
d if fe r e n ce  to  th e  d iscrepancy between I HA and TN t i t r e s .  This 
in d ica tes  th at the d if fe r e n ce  in  a c t iv i t y  o f  the IgM component o f  
tetanus a n t i t o x in  in  the two systems is  n ot the only fa c to r  
respon sib le  f o r  the d iscrep a ncies  observed . It is  probab le  that 
d i ffe r e n ce s  in  the inherent s e n s i t iv i t ie s  o f  these two methods to
oth er  c la s s e s  o f  a n t ib o d y ; to an tib od ies  o f  d i f fe r e n t  a v id it ie s ;  
and, p o s s ib ly , t o  c r o s s - r e a c t in g  an tibod ies  are a lso  responsible .
The m a jor  advantages o f  the in d ir e ct  haemagglutination 
technique fo r  the determ ination  o f  tetanus an titox in  are i t s  high 
s e n s it iv i t y  and econom y in terms o f  tim e, e f fo r t  and animals.
Because the te ch n iq u e  requires no sp e cia l m ateria ls or  animal 
house f a c i l i t i e s ,  i t  i s  often  used alone fo r  the assay o f  tetanus 
a n t ito x in . Such a course  o f  a c t io n  is  reasonable where the 
r e su lts  o f  com parative  group s tu d ies  are more important than 
accurate estim a tes o f  an titox in  in  in d iv idu a l serum samples.
However, the s a v in g s  in terms o f  tim e, e f fo r t  and animals apply 
whether the haem agglutination  technique is  used alone or in 
a s so c ia t io n  with th e  tox in  n e u tra liz a tio n  technique, and are so 
important and s u b s t a n t ia l  that the haemagglutination test may be 
considered  an e s s e n t ia l  prelim inary to  the toxin  neu tra lisa tion
R esu lts o f  in v es tig a tion s  conducted here on variables 
a f f e c t in g  the a s sa y  o f  tetanus an titox in  by haemagglutination 
using g lu ta ra ld eh yd e— f ix ed  sheep c e l l s  led  to  the ap p lica tion  o f  
optim al c o n d it io n s  f o r  preparing the sen s it iz ed  c e l l s  and conducting 
the assays. T his r e s u lte d  in  a technique o f  optimal se n s it iv ity  
capable o f  m easuring as l i t t l e  as 0.001 haemagglutinin unit per ml, 
s in ce  the haem agglu tination  end -p o in t fo r  0 .1  u/ml o f  the Third 
B rit ish  Standard A n t it o x in  is  usually  1:128. The fa c t  that a 
negative haem agglutinatior. rea c tion  in a serum invariably  meant a 
negative tox in  n e u tr a liz a t io n  r e su lt  a t te s ts  to  the high s e n s it iv ity  
o f  the haem a gglu tin a tion  technique and i t s  usefulness as a re lia b le  
screen ing  p roced u re .
Various m o d ific a tio n s  o f  the technique, designed to 
in crea se speed and reduce the te ch n ica l m anipulations, were a lso  
in v e s tig a te d . The use o f  glutaraldehyde as f ix a t iv e  was advantageous 
in  these r e s p e c t s ,  b u t  replacement o f  tannic ac id  by chromic ch loride  
was not in d ic a te d . Attempts to  avoid  the need fo r  absorption o f  
serum samples p r i o r  t o  te st in g  d id  not prove to be su ccess fu l; bu t, 
s in ce  the tech n iqu e  developed here was applied mainly to the assay
o f  cord b lood  samples which do not possess h eteroph ils  agg lutin ins 
(A den iy i-Jones, 1967 ), th ere was l i t t l e  m otivation  for  making 
furth er  e f fo r t s  in  th is  d ir e c t io n . N evertheless, the n ecessity  
f o r  p r io r  absorption  o f  serum samples remains a shortcoming o f  the 
technique, and means o f  avo id in g  i t  deserve further study.
The enhanced r e a c t iv ity  o f  equine standard an titox in s 
w ith optim ally  se n s it iz e d  c e l l s  and the use o f  2-mercaptoethanol 
in  the haem agglutination te s t  resu lted  in haemagglutination t it r e s  
which co rr e la te  more c lo s e ly  with those determined by toxin 
n e u tra liz a tio n . Hence, d esp ite  the d iscrepa ncies  between the IHA 
and TN t i t r e s  which continue to occu r , e s p e c ia lly  at the low 
a n titox in  con cen tra tion s , the in d ir e ct  haemagglutination technique 
descr ib ed  here does p rov id e  a method o f  measuring tetanus an titox in  
with a high degree o f  s e n s it iv i t y  and with a useful degree o f  
v a l id ity .
C H A P T E R  3
DETECTION OF THE IgM COMPONENT OF TETANUS 
ANTITOXIN BY IMMUNOFLUORESCENCE
The te s t in g  o f  the hypoth esis  thst the transp lscental 
passage o f  antigens such as teta n us toxoid can occu r  with the 
consequent production  o f  s p e c i f i c  IgM by the foe tu s  requires a 
method fo r  the d etection  o f  v e ry  small amounts o f  te ta n u s -sp e c ific  
IgM. An im nunofluorescence technique for  the id e n t i f ic a t io n  o f  
the various immunoglobulin c la s s e s  o f  human tetanus an titox in  -  
in cluding IgM -  has been d eve loped  by Hernandez, Just 4 BUrgin- 
W olff (1973). In th e ir  method, suspensions o f  agarose-bound 
tetanus toxo id  were exposed t o  t e s t  sera, then to  rabb it an tisera  
to  human IgM, IgA or  IgG fo llo w e d  by f lu o re s c e in -la b e lle d  goat 
a n ti-ra b b it  insnunoglobulin. More recen tly , a polymer o f  tetanus 
toxo id  has been used as s l id e  antigen  fo r  the assessment o f  
tetanus a n titox in  by an in d ir e c t  immunofluorescence technique 
(Ourth e t a l . ,  1975).
Both forms o f  an tigen  were in vestiga ted  here in  a 
technique in which the antigens were exposed to  t e s t  sera then to 
FITC-conjugated goat an tisera  t o  human IgM and IgG which had 
been rendered s p e c i f i c  by ab sorp tion s  with polym erized p u rified  
heterologous insnunoblobulins. To increase the s e n s it iv i t y  o f  
the test system , the bulk o f  th e  IgG was removed from the te st 
an tisera  by p r io r  absorption  o f  the samples with p ro te in  A, the 
purpose being to  reduce the conq>etition by s p e c i f i c  IgG fo r  the 
lim ited  number o f  an tigen ic s i t e s  ava ilable  to s p e c i f i c  IgM.
Two antisera con ta in in g  teta n us—s p e c i f i c  IgM and IgG as w ell as 
antiserum conta in in g  s p e c i f i c  IgG only were used in  the develop­
ment and t e s t in g  o f  the tech n iq u e . These a n tise ra  were used to 
demonstrate the absorption  o f  s p e c i f i c  IgG by p ro te in  A, and the 
s p e c i f i c i t y  o f  the in d ire ct  insnuno fluorescence technique fo r  the 
de tection  o f  IgM.
MATERIALS AND METHODS
A g tr o t t  beads. Sepharose 4B and a sample o f  a fre e z e -d r ie d  
p re p a ra tio n  o f  CNBr-ac tiva ted  Sepharose 4B (Batch No. 35 38) 
were obtain ed  from Pharmacia Fine Chemicals Ltd. (Uppsala,
Sweden ,  ava ilable  from Pharmacia (C .B .) L td ., Paramount 
H ouse, 75 Uxbridge Road, London). The agarose spheres range 
in  d ia m eter  from 40 pm to 190 pm (av.110 pm) in  the sw ollen  
s t a t e .  Each 1 g o f  the freez e -d r ied  product y ie ld s  about 3 ml 
o f  g e l when r e con stitu ted .
Tetanua toxo id . Batch V.G.T. No.6 was used (Appendix v i i ) .  
F IT C -la b e lled  a n tise ra  to  human IgC and IgM. Conjugates o f  g oa t  
a n t i s e r a ,  la be lled  w ith  f lu oresce in  isoth iocyana te (FITC ), as 
w e ll a s  polymerized p u r ifie d  IgG and IgM from human se r a , were 
su p p lie d  by Dr. A. B. MacDonald, Harvard School o f  P u b lic  H ea lth , 
665 Huntington Avenue, Boston, Massachusetts. The methods u sed  
fo r  the is o la tio n  and p u r ific a t io n  o f  these inasunoglobulins and 
fo r  th e  preparation o f  the s p e c i f i c  an tisera  have been d e s c r ib e d  
by Barenfanger S MacDonald (1975 ). B r ie f ly , the goat a n t is e r a  
were rendered  h igh ly  s p e c i f i c  fo r  human IgG and IgM by a b s o r p t io n  
w ith  p u r i f ie d  hetero logou s Ig cla sses  which had been po lym er ized  
by a m od ifica tion  o f  the procedure o f  cross -lin k a g e  by e th y l 
ch lo ro fo rm a te  o f  Avrameas & Ternynck (1967 ). The im m unoglobulins 
used f o r  absorption in  the polymerized sta te  were i n i t i a l l y  
i s o la t e d  by methods designed to  give pure Ig c la sse s  uncontam inated 
by o th e r  p rote in s, and were further p u rifie d  by a b sorp tion  w ith  
F (ab ) 2  by a f f in ity  chromatography. The increased s p e c i f i c i t y  o f  
the absorbed  conjugated goat an tisera , as compared with unabsorbed 
m a te r ia l ,  was demonstrated by immunofluorescence with po lym er ized  
Ig c la s s e s  as s l id e  antigens.
P r e c ip ita t in g  antiserum  to human IgM. Samples o f  sheep a n t i ­
human IgM (Cede No. SHI5-01-P04) and horse anti-human IgG (Code No. 
PH16-04—P14) were obtained  from Organon Teknika Ltd. (Crownhous, 
London Road, Morden, Surrey).
Hu— n tetanus a n t ito x in . One o f  the te s t  samples con s is ted  o f  a 
pool o f  a n tisera  c o l le c t e d  in  the p r i— ry o r  e a r ly  secondary 
insnune response o f  patien ts  with T rop ica l Splenomegaly Syndrome, 
a c o n d it io n  cha ra cterised  by an abnor— i ly  high t o ta l serum IgM 
con cen tra tion ; another was composed o f  about twenty in d iv idu a l 
serum samples c o lle c t e d  about 28 days a f t e r  p r i— ry in je c t io n s  
with tetanus tox o id . Both contain  IgM s p e c i f i c  fo r  tetanus toxo id  
as in d ica ted  by the s ig n if ic a n t ly  d i f fe r e n t  l i t r e s  obtained  when 
these a n tise ra  were t it r a t e d  by the in d ir e c t  hae— gg lu tin a tion  
technique fo r  measuring tetanus a n titox in  in  the presence and 
absence o f  2 -— rca ptoeth an ol. The th ird  te s t  serum consisted  o f  
a h igh ly  d ilu ted  sample o f  "Tetagam" (Appendix iv )  contain in g  
s p e c i f i c  IgG on ly .
B a cteria l stra in s  fo r  p ro te in  A. Two s tra in s  o f  Staphylococcus 
aureus were obtained from the N ational C o lle c t io n  o f  Type C u ltures, 
namely the Cowan I a tra in  (SCTC N o.8530) which produces p ro te in  A, 
and the Wood 46 s tra in  (NCTC N o.10345) which i s  known not to 
produce p ro te in  A.
P u r if ic a t io n  o f  the tetanus to x o id .
Before polym eriza tion  or  attach — nt to  Sepharose beads, 
the tetanus toxoid  was p u r i f ie d  by f i l t r a t i o n  on a Sephadex G-200 
(Pharmaria) column (Khauatova, Ugleva 4 Rozhdsetvenskaya, 1970).
Volu— s o f  2 -  3 ml o f  tetanus toxo id  were passed through a bed o f  
approx. 30 cm o f  sw ollen  Sephadex g e l in  a 2 .6  x 40 cm colunxi 
(Type K 26 /4 0 , Phar— c ia ) .  The ge l was e q u ilib ra ted  in Oxoid PBS 
o f  pH 7 .3  (Appendix i i i ) ,  and the fra c t io n s  were e lu ted  in  the sa— 
b u ffe r  under an opera tin g  pressure o f  15 cm o f  w ater, and c o l le c t e d  
in  3 ml vo lu — s . The f i r s t  — j o r  p ro te in  peak was lo ca ted  by — ans 
o f  the o p t ic a l  density  readings o f  the fra c tio n s  at 280 nm on a 
Unicam SP 1700 U ltra v io le t  Spectrophoto— t e r . E luates c o n s t itu tin g  
th is  peak were combined and concentrated  by u l t r a f i l t r a t i o n  with 
a B-15 type o f  Amicon f i l t e r  (Amicon L td . ,  57 Queen's Road, High 
Wyconfce, Bucks). A fte r  con cen tra tion , the p ro te in  content was 
estim ated by the technique o f  Lowry e t  a l . (1951 ).
The id e n t ity  o f  the p u r ifie d  concentrated  tetanus toxo id  
was checked by inssunodiffusion against tetanus a n tito x in  o f  equ ivalen t 
Lf value. The te s t  was ca r r ie d  out on a m icroscope s l id e  covered 
with a la y er  o f  — dium c o n s is t in g  o f  0.8X Ionagar N o.2 (Oxoid L td .)
in  barb iton e  b u f fe r  (Appendix v i i i ) .  The c ir c u la r  w elle  were 
cu t by a sm all cork borer . R eaults were read a fte r  the reaction  
had been allow ed  to develop f o r  48 hours in  a moist chanfcer at 
room temperature (approx. 20 C ).
P u r ity  o f  the tetanua toxo id  was te s ted  by insnuno- 
e le c t r o p h o r e s is . Again, the supporting medium was 0 .8Z  lonagar 
N o.2 in  b a rb ito n e  bu ffer  on a microscope s l id e .  A fter  the a p p li­
ca tion  o f  the tetanus toxo id  a t a concentration  o f  about lOO L f /  
m l, 4-5 v o l t s  per cm were ap p lied  fo r  a period  o f  45 minutes in  
the presence o f  a bu ffe r  o f  the same com position as that used 
fo r  the p rep a ra tion  o f  the agar g e l .  A ntitox in  o f  concentration  
50 Lf/m l was then added to  the trough, and the resu lts  read a fte r  
48 hours.
P o lym erization  o f  tetanus t o x o id .
The nmthod o f  Ourth e t  a l .  (1975) was fo llow ed . Tetanus 
toxo id  a t a concen tra tion  o f  20-30 mg/ml was ad justed  to  a pH o f  
5.1 with 0.2M aceta te  b u f fe r . E thyl chloroform ate (B .D .H .) was 
added at the ra te  o f  0 .1  ml per  lOO mg o f  toxo id  p ro te in , and the 
mixture s t i r r e d  by a magnetic s t i r r e r  fo r  24 hours at room 
tem perature. The polynmr was then washed several times on a g lass 
f i l t e r  o f  p o r o s i ty  3 with 0.1M amnonium c h lo r id e  s o lu tio n  o f  pH 
7 .4 ; d ia ly s e d  in  0.1M borate sa lin e  b u ffe r  (BSB) o f  pH 8 .0  a t 4 C 
fo r  24 h ou rs ; and washed repea ted ly  in BSB. I t  was stored  in 
sm all volumes o f  BSB at -20°C .
P olym erization  o f  anti-IgM  and anti-IgG .,
The technique used was based on that o f  Avrameas & 
Ternynck (1 9 6 7 ). Ethyl ch loroform ate (B.D .H .) was added to  2 ml 
volumes o f  sheep p re c ip ita t in g  antiserum to  human IgM and horse 
p r e c ip ita t in g  antiserum to  human IgG in 10 ml beakers a t a concen­
tr a tio n  o f  0 .5  ml o f  ethyl ch loroform ate per 1000 mg o f  p ro te in . 
The m ixtures were s t ir re d  gen tly  by a magnetic s t i r r e r  fo r  15 
m inutes, and allow ed to stand f o r  one hour a t room temperature. 
A fter  fo rm a tion , the polynmrs were washed thoroughly by su ccessive  
c e n t r ifu g a t io n  with Oxoid PBS; O.IX sodium carbonate so lu t io n ; 
PBS; 0.2M g lycine-H C l b u ffe r  o f  pH 2 .2 ; and PBS.
Preparation o f  tetanua tox o id -coa ted  Sepharose bead«.
A ctivation  by cyanogen bromide. Sepharoae was activa ted  fo r  
prote in  coupling with CNBr by a m o d ific a tio n  o f  the method o f  
Axin, Porath & Ernback (1967) as used by Deelder 4 Ploem (19 74 ). 
Four ml o f  sedimented agarose beads were washed with d i s t i l l e d  
water on a glass f i l t e r  o f  p o ro s ity  3 to  remove b a c t e r io s ta t ic  
agents. The beads were then re-suspended in  an equal volume 
o f  d is t i l le d  water, and a so lu tio n  o f  1 g  o f  CNBr (Koch-Light 
Laboratories) in  20 ml o f  d i s t i l l e d  w ater was added to  the 
Sepharose suspension in  a w e ll -v e n t ila te d  fume cupboard. The 
mixture was s t ir re d  gently by means o f  a magnetic s t i r r e r  fo r  
6-10 minutes during which time the pH was maintained at about 
11 by the addition o f  2N sodium h yd rox id e . F in a lly , the ac t iv a ted  
beads were washed on a g lass f i l t e r  w ith d is t i l le d  water and Oxoid 
PBS.
Coupling o f  tetanus toxoid to  the a c t iv a te d  beads. The required 
concentration  o f  p u rified  tetanus to x o id  in  a volume o f  4 ml was 
added to  a 4 ml suspension o f  the a c t iv a te d  beads. The coup lin g  
reaction  was carried  out under the co n d it io n s  described f o r  attach ­
ment o f  tetanus toxoid  to  Sepharose by Hernandez e t  a l .  (1973) v is :  
with adjustment o f  the pH to 10 by sodium hydroxide, and with 
s t ir r in g  o f  the suspension overn ight a t 4°C by end-over-end 
r o ta tion .
D eactivation  o f  the tetanua to x o id -co a te d  beads. An equal volume 
o f  2M ethanolamine (B.D.H. ) in  0.05M b icarbonate b u ffe r  o f  pH 10 
was added to the tetanus toxo id -cou p led  beads, and the suspension 
s t ir re d  fo r  one hour at room tem perature. The product was washed 
in  three cyc les  each con s is t in g  o f  a wash with 0.1M aceta te  b u f fe r  
contain ing 1M NaCl at pH 4 follow ed  by a wash with 0.1M borate 
b u ffe r  contain ing 1M NaCl a t pH 8 . I t was washed f in a l ly  in  
Oxoid PBS, and then stored  in  a s o lu t io n  o f  0.02Z sodium azide 
in Oxoid PBS.
Preparation o f  tetanua toxo id -coa ted  beads from freez e -d r ied  CNBr- 
activa ted  Sepharose.
Before use, the :ia l l y  a c tiva ted  Sepharose beads
were washed on a g lass f i l t e r  with 10 HC1, in  a cco rd  with 
the m anufacturer's d ir e c t io n s , f o r  the removal o f  the dextran and 
la c to s e  s t a b i l is e r s .  About 10 mg o f  p u rifie d  tetanus tox o id  was 
mixed with about 3 ml o f  the sw ollen gel from 1 g o f  f reez e -d r ied  
m ateria l in a 0.1M sodium bicarbonate b u ffe r  o f  pH 8 .3  containing 
0.5M NaCl (5 m l), and the mixture was rotated  en d -over -en d  at 4°C 
overn ight. Unbound m ateria l was washed away with the coupling 
b u f fe r ,  and any remaining ac tiva ted  groups were d e a c tiv a te d  by 
exposure to 1M ethanolamine (B.D .H .) at pH 8 fo r  12 h ou rs . Non- 
c ova len tly  adsorbed p rote in  was then removed by washing a lte r ­
n a tiv e ly  with acetate  and borate b u ffe rs .
A bsorption  o f  IgC in  te s t  sera by prote in  A.
C u ltiva tion  o f  the sta phy lococca l s tr a in s . The Cowan I (protein 
A -p o s it iv e )  and the Wood 46 (p rote in  A -negative) s t r a in s  o f  
Staphylococcus aureus were c u lt iv a ted  on a s o l i d i f i e d  form o f  the 
medium o f  A rvidson, Holme & Wadstr3m (1971) designed to  promote the 
production  o f  ex tr a c e llu la r  p rotein s by s ta p h y lo co c c i (Appendix 
i x ) .  Layers o f  th is  medium on the f l a t  s id es  o f  la r g e  b o t t le s  were 
in ocu lated  with broth  cu ltu res  o f  the b a c te r ia l s t r a in s .  After 
incubation  o f  the cu ltu res  a t  37°C fo r  24 hours, the sta phy lococci 
were harvested and washed in  Oxoid PBS.
P rocessing  o f  the c u ltu re s . The harvested cu ltu res  w ere exposed 
to  3Z form alin in  PBS fo r  a period  o f  30 minutes a t room temperature, 
and were washed three times in  PBS (Lind & Mansa, 1 9 6 8 ). The 
form a lin -trea ted  suspensions were then heated in  a w a ter  bath at 
80 C fo r  15 minutes; and, a fte r  add ition a l washing, they were 
s tored  as 20X suspensions in  PBS at 4°C.
A bsorption  procedure. For use, the sta p hy lococca l suspensions 
were d is tr ib u ted  in small te s t  tubes (35 mm x 8 mm), and washed 
once with Oxoid PBS. Equal volumes o f  1 :4  d ilu t io n s  o f  sera were 
absorbed with the sediments at room temperature f o r  30 minutes, and 
the ba cte ria  then separated by cen tr ifu g a tion  a t 1500 g f o r  30 
minutes (Ankerst e t  a l . ,  1974).
General procedure fo r  im nunofluorescence with polym erized tetanus 
toxo id  aa s l id e  an tigen .
P reparation  o f  smears o f  polym erized tetanus toxo id  fo r  immuno­
flu o re sc e n ce  s ta in in g . M icroscope s l id e s  w ith m u ltip le  te s t  areas , 
each o f  about 7-8 mm d ia m eter, are prepared by p o s it io n in g  small 
buttons on  the s l id e s ,  and spraying them with a preparation  o f  
a w a te r -r e p e l le n t  polymer o f  te tra flu oroe th y len e  (Chen^last I n c .,  
ob ta in a b le  from M arshal1-H owlett L td ., 293 Main Road, Sidcup,
K ent). The use o f  such s l id e s  saves tim e, labour and m ateria ls 
(O 'N e i ll  ft Johnson, 19 70 ).
To each plaque a 10 p i volume o f  the polymer suspension 
i s  added by means o f  an ad ju sta b le  5-50 p i F innpipette  (Buckley 
Membranes L td . , Chequers P d e . , Prestwood, Great M issenden, Bucks). 
The smears are a i r -d r ie d , then f ixed  in  acetone fo r  ten minutes. 
X— m n fluorescence s ta in in g  by the in d ir e c t  method. In genera l, 
the procedure fo llow s the recommendations o f  Johnson 4 Holborow 
(19 73 ). The prote in  A -absorbed  te st sera and known negative 
co n t ro l s era  (1 :4  d i lu t i o n s )  are applied  in  10 p i volumes to the 
plaques o f  fixed  polym er. Sa lin e on ly  i s  a p p lied  to one plaque 
as a c o n t r o l  fo r  re a c tio n  between polymer and con ju gate . The 
s l id e s  are then p laced  in  a m oist chamber to  minimise evaporation  
and l e f t  a t  room temperature fo r  30 minutes. At the end o f  th is  
r e a c tio n  p e r io d , the a n t ise ra  are removed by gen tle  r in s in g  with 
Oxoid PBS, and the s l id e s  then  tran sferred  to a metal c a r r ie r  
supported over a magnetic s t i r r e r  in  a bath o f  b u ffe red  barb itone 
sa lin e  o f  pH 7.2 (Appendix x ) . A fter 30 minutes o f  washing, the 
s l id e s  are taken from the b a th , and excess washing f lu id  i s  removed 
from the e l id e s  by paper t is s u e s  to  prevent u n con tro lled  d ilu t io n  
o f  the con ju g a te . Care i s  taken to  avoid  drying o f  the t e s t  areas , 
however, as lo c a l c on cen tra tion s  o f  s a lts  may produce a r t i f a c t s .
A su ita b le  d i lu t i o n  o f  the a n tig lob u lin  conjugate is  
app lied  t o  each polymer p laque in a 20 p i volume, and the s lid e s  
are returned  to the m oist chanter fo r  30 minutes. At the end o f  
th is  tim e, the s l id e s  are p la ced  in  the bath fo r  washing fo r  1-2 
hours. The stained p rep a ra tion s are then mounted in a mountant 
(Appendix x i )  o f  pH 8 .5  -  a pH which is  more su ited  to  the 
flu o re s c e n ce  em ission o f  FITC than is  the pH o f  7.1 so frequently
used (Heink'r A T a y lo r , 1 9 7 4 ).
General procedure f o r  insnunof luorescence with tetanus to x o id -
coated Sepharose beads a s  antigen .
Usa o f  m icro titre  equipm ent fo r  inm unofluorescence s ta in in g  o f  
coated Sepharose by th e  in d ir e c t  method. Volumes o f  25 u l o f  
a suspension o f  teta n us tox o id -coa ted  beads con ta in in g  10 
beads per ml (as determ in ed  on a counting  chamber) and 25 ul 
o f  the p rotein  A -a bsorbed  te s t  sera and known n egative  c o n t ro l 
sera (1 :4  d ilu t io n s )  a r e  added to  V-shaped w e lls  o f  d isp osa b le  
polystyrene m ic ro t i tre  p la te s  o f  the Cooke M icr o t ite r  system 
(Dynatech L aborator ies  L t d . ) .  Saline on ly  is  added to  one w e ll .  
D isposable Cooke m ic ro p ip e t te s  (25 u l)  o r  a F innpipette  ad ju sted  
to a 25 u l d e liv ery  volume are used fo r  the ad d iton s . The w e lls  
are covered with s e a l in g  tape to prevent evaporation  and the 
p la tes  are placed on a r o ta r y  p late mixer (Luckham L td ., V ic t o r ia  
Gardens. Burgess H i l l ,  Sussex) fo r  30 minutes.
At the end o f  th is  time, the se a lin g  tape is  removed 
from the w e lls , and th e  p la te s  are loaded in to  c e n t r ifu g e  p la te  
c a rr ie rs  (M icro tite r  Code N0 .MI8E, Dynatech L a borator ies  L td .)  
fo r  washing o f  the bea ds by ce n tr ifu g a tio n . The beads are washed 
three times in  0.65M sodium  so lu tion  (C apel, 1974) by m ixing on 
the rotary  p la te  shak er f o r  5 minutes then c e n tr ifu g in g  a t IOO g 
fo r  5 minutes. A ft e r  ea ch  c e n tr ifu g a tio n , the supernatant f lu id  
i s  removed by s in g ly  in v e r t in g  the p la te  and shaking on ce ; th is  
procedure does not r e s u l t  in  any s ig n if ic a n t  lo s s  o f  beads.
A volume o f  25 u l o f  bu ffered  ba rb iton e  sa lin e  i s  added 
to  each w ell fo llow ed  b y  25 u l o f  a s u ita b le  d i lu t io n  o f  a n t i ­
g lob u lin  conjugate in  4% bovine serum albumin in  the same b u f fe r  
(Deelder & Ploem, 1 9 7 4 ). The contents o f  the w e lls  are mixed once 
more on the rotary p la t e  shaker fo r  30 minutes a f t e r  which time 
the beads are washed by  ce n tr ifu g a tio n  fou r  or  f iv e  times with 
0.65M sodium c h lo r id e  s o lu t io n .  F in a lly , the beads are tran sferred  
to te s t  areas on m u lt is p o t  s lid e s  by Pasteur p ip e t te s , and mounted 
fo r  examination.
F luorescence m icroscopy. Specimens are examined on a Reichert 
Zetopan f lu orescen ce  m icroscope equipped with a dark f ie ld  
condenser; a HBO 200 high p ressu re  mercury vapour lang>; an 
E2 type e x c i t e r  f i l t e r ;  and a UV-Sperr, yellow -green  absorption 
f i l t e r .
The flu orescen t p a tte rn s  o f  the p a r ticu la te  polymers 
are graded as fo l lo w s :-
4+ -  whole p a r t ic le  flu o re sce n ce s .
y* -  rim o f  p a r t ic le  flu o re sce n ce s ; cen tra l portion  
shows a mixture o f  fluorescent parts and brigh t 
p ink-yellow  background.
2+ ■ th in  rim o f  f lu o re sc e n ce  around the p a r t ic le ;  
cen tra l p ort ion  shows a greenish fluorescence 
o f  low in te n s ity , o r  i s  du ll pink in  co lou r.
!♦  -  p a r t ic le  shows s l i g h t  greenish f lu orescen ce .
0 -  p a r t ic le  i s  d u ll red  in  co lou r.
F luorescence in  shades o f  y e llow -g reen  ranging from b r i l l ia n t  
to  pale i s  observed  with the tetanus toxoid -coa ted  Sepharose. 
Beads g iv in g  a negative re a c tio n  a re  fa in tly  gray in  co lou r. 
Figures 10 and 11 show flu o re sc e n ce  o f  the tetanus toxo id  polymer 
and tetanus tox o id -coa ted  Sepharose beads re sp e c tiv e ly .
EXPERIMENTS AND RESULTS
Testing o f  goat con jugates.
Estim ation o f  the f lu o re sc e in : p ro te in  r a t io s . The la b e llin g  
r a t io s  o f  the Fl^C-conjugated goat anti-human IgG and anti-human 
IgM were estim ated  from the o p t ic a l  den sities  o f  the conjugates at 
495 nm (correspon d in g  to  the peak absorbance o f  FITC-conjugated 
to  p ro te in ) and at 280 nm (Johnson & Holborow, 1973 ). Results are 
g iven  in  ta b le  30. Conjugates w ith  F/P ra tios  o f  under 1 or  over 
4 are u n sa tis fa cto r y  (Capel, 1 9 7 4 ).
In v est ig a tion  o f  the presence o f  f r e e  fluorochrom e. Unbound flu oro ­
chrome in  the conjugate can cause n o n -sp e c if ic  s ta in in g  (Chadwick 4 
Nairn, 19 60 ). Its  presence was in vestiga ted  in  the goat conjugates
Fig. 10 F luorescen ce  o f  tetanus toxo id  polymer. The polymerized
tetanus toxoid  has been incubated with human tetanus a n ti­
to x in  and with an FIT C -labelled  goat anti-human conjugate.


by Che simple procedure described  by Johnson S Holborow (1973 ). 
M icroscope s l id e s ,  coated with a s lu rry  o f  Sephadex G-25 were 
arranged at an angle o f  in c lin a t io n  o f  about 10-20° between the 
open halves o f  P e tr i d ish es. F i l t e r  paper wicks were attached to 
the ends o f  the s l id e s , and the upper dishes were f i l l e d  with Oxoid 
PBS. Once the flow  o f  PBS was e s ta b lish e d , drops o f  conjugate 
were applied to  the upper ends o f  the s l id e s , about 1 cm from the 
ed ge . Any unbound dye in  the conjugate remains at the point o f  
a p p lica tio n  where i t  can be seen a f t e r  a period o f  15-20 minutes 
during  which time the la b e lle d  p rote in  migrates several cms from 
th at p o in t . The absence o f  free  fluorochrome in  the goat conjugates 
was confirmed ( ta b le  30 ).
Determ ination o f  su ita b le  te s t  d ilu t io n s  o f  the con ju gates.
D ilu t io n s  o f  goat anti-human IgM were tested  against polymerized 
IgM and polym erized IgG as s l id e  antigens (ca ble  31 ). A 1:100 
d i lu t io n  stained the IgM polymer without s ta in in g  the IgG polymer 
so  th is  d ilu tio n  was considered su ita b le  fo r  use fo r  the s p e c i f i c  
d e te c t io n  o f  IgM in  an tisera  by the in d ir e ct  insnunofluorescence 
technique. A su ita b le  te st d i lu t io n  fo r  goat anti-human IgG was 
e sta b lish ed  s im ila r ly .
Comparison o f  d i f fe r e n t  p reparations o f  tetanus toxo id -coa ted  
Sepharose beads.
The tetanus toxoid  used fo r  coatin g  the Sepharose beads 
was pure and homogeneous, as judged by the s in g le  lin e s  o f  p re c ip ita te  
w hich formed between toxo id  and tetanus an titox in  in  the techniques 
o f  inm unodiffusion and Immunoelectrophoresis
Two d if fe r e n t  concentra tions o .  tetanus toxo id  were 
coup led  to A ml volumes o f  ac t iv a ted  Sepharose beads v iz :  7.5 mg 
o f  toxo id  in a A ml volume and 15 mg o f  toxoid  in a A ml volume.
There was no d is c e rn ib le  d if fe r e n ce  between the r e su lt in g  prepar­
a t io n s  when observed fo r  f lu orescen ce  a fte r  exposure to  tetanus 
a n t ito x in  and conjugated antiserum, however. In c o n t ra s t , coated 
beads prepared from the fre e z e -d r ie d , CNBr-activated Sepharose were 
in s e n s it iv e  and u n satisfa ctory  as the usual fin d in g  with p o s it iv e  
specimens was a few flu oresc in g  beads interspersed amongst many 
n eg a tiv e  beads.
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TABLE 31
Determ ination o f  the d ilu t io n  o f  FITC-conjugated goat a n t i -  
human IgM th at react» s p e c i f i c a l ly  with polym erized p u rifie d
1SH
D ilu tion  o f
FLUORESCENCE WITH SLIDE ANTIGENS
anti-human IgM Polymerized IgM Polymerized IgC
Is 20 2*
1:50 3+/4* 1*
*1:100 2* -
1:200 !♦ -
1:500 ♦ /- "
D ilu t ion  used fo r  the in d ir e ct  imnunof1uorescence
E ffic ie n cy  o f  absorption  o f  te ta n u s -s p e c ific  IgG by p ro te in  A.
The extent o t absorption  o f  t e t a n u s -s p e c i f i c  IgG resu ltin g  
from a s in g le  exposure to  the prote in  A -con ta in in g  Cowan I stra in  
o f  . aureus was in vestiga ted  fo r  two a n tise ra  -  one contain in g  a 
re la tive ly  high concentration  o f  s p e c i f i c  IgG, i . e .  approx . 5 u/ml 
by tox in  n eu tra liz a tion  method; the o ther c o n ta in in g  a low 
concentration  o f  te ta n u s -sp e c ific  IgC ( i . e .  approx . 0 .1  u/ml) as 
well as te ta n u s -s p e c ific  IgM.
As in d icated  by the resu lts  presented  in  ta b le  32, the 
sing le  absorption  procedure was not e f f e c t iv e  in  rem oving a l l  
detectab le  s p e c i f i c  IgG from the antiserum o f  r e la t i v e l y  high t i t r e ,  
although i t  did remove the s p e c i f i c  IgG from the l o w - t i t r e «  an ti­
serum. No ab sorption  o f  the s p e c i f i c  IgM o f  the la t t e r  by protein  
A was ev id en t, and nor was there any a b sorption  o f  e i t h e r  s p e c i f i c  
immunoglobulin c la ss  by the negative Wood 46 s t r a in .
Detection o f  te ta n us -sp ecific  IgM by the in d ir e c t  inxnunofluorescence 
technique and s p e c i f i c i t y  o f  the method.
Two samples o f  te st a n tise ra  con ta in in g  te ta n u s -s p e c if i c  
IgM (as in d icated  by th e ir  source and th e ir  I HA t i t r e s  in  the presence 
and absence o f  2-m ercaptoethanol) and a h ig h ly  d i lu te d  sample o f  a 
h ig h -t itr e d  antiserum contain ing  te ta n u s -s p e c i f i c  IgG on ly  were 
tested fo r  the presence o f  s p e c i f i c  IgM by the in d ir e c t  imnuno- 
fluorescence technique using polym erized tetanus to x o id  and tetanus 
toxo id -coa ted  Sepharose beads as an tigen s. R esu lts  were e sse n tia lly  
the same fo r  both forms o f  an tigen , and are g iven  in  ta b le  33.
Antigen s p e c i f i c i t y .  Antigen s p e c i f i c i t y  o f  the r e a c t io n  was 
indicated  by the in h ib it io n  o f  immunofluorescence th a t  occurred  when 
the te s t  sanq>les were incubated twice w ith an equa l volume o f  
polymerized tetanus toxoid  fo r  2 hours at 37°C p r i o r  t o  te s t in g . 
Immunoglobulin c la ss  s p e c i f i c i t y . S e le ct ion  o f  the d i lu t io n  o f  
conjugate used in  the te st was based on i t s  s p e c i f i c i t y  fo r  IgM 
as determined by reaction  with polym erized IgM and absence o f  
reaction  with polymerized IgG. The s p e c i f i c i t y  o f  i t s  a ction  was 
further supported by the fa c t  that p r io r  in cu b a t ion  o f  te s t  an ti­
sera contain in g  s p e c i f i c  IgM with polym erized an ti-IgM  fo r  2 hours
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at 37°C elim inated  the inmunof lu orescen ce  reaction  with conjugated 
anti-IgM , w hile p r i o r  incubation o f  the antisera with polym erised
IgG did not in t e r fe r e  with th is  r e a c t io n .
D I S C U S S I O N
A chieving a high degree o f  s p e c i f i c i t y  w h ils t reta in in g  
a high degree o f  s e n s i t iv i t y  g en era lly  presents a problem with 
immunofluorescence re a c t io n s . E ffo r t s  to  remove n o n -s p e c if ic  
sta in in g  and c r o s s - r e a c t in g  a n tib od ies  by absorption and d ilu tio n  
o f  conjugated a n t is e ra  frequently  r e s u l t  in  a loss o f  s e n s it iv i ty  
in the te st system  e s p e c ia l ly  as the r e su lt in g  diminished in ten s ity  
o f  the flu orescen t s ta in in g  makes in te r p re ta tio n  by the usual 
method o f  su b je c t iv e  evaluation  l i a b l e  to uncertainty and e r ro r .
In the tech niqu e developed h e re , emphasis was p laced  on 
s p e c i f i c i t y  o f  the itmuno flu o r es ce n ce  t e s t  fo r  the d e te c t io n  o f  
te ta n u s -sp e c ific  IgM at the expense o f  a loss  in in te n s ity  o f  the 
flu orescen t s ta in in g  r ea c tion s . N everth e le ss , the resu lts  obtained 
were in  accord w ith  expectation s -  a t  le a s t  fo r  the two s p e c i f i c  
IgM -containing a n t is e ra  tested  -  when readings were made w ith  no 
foreknowledge o f  the id e n t ity  o f  the t e s t  samples.
The s p e c i f i c i t y  o f  the r e a c t io n  o f  FITC -labelled goat 
anti-human IgM fo r  the IgM conq>onent o f  tetanus an titox in  was 
accom plished, te s te d  and confirmed by the use o f  p roteins p o ly ­
merized with e th y l ch loroform ate based on the procedure o f  Avrameas 
A Temynck (19 67 ). Polymerized p u r i f ie d  IgG, IgM and IgA were used 
fo r  absorption  o f  th e  con ju gates; polym erized  p u rified  IgG and 
IgM were used as s l id e  antigens fo r  th e  determination o f  t e s t  
d ilu tio n s  o f  the co n ju g a te s ; and polym erized  tetanus tox o id  and 
p re c ip ita t in g  an ti-IgM  and anti-IgG  w ere used for  confirm ation  o f  
the s p e c i f i c i t y  o f  the reactions o f  the conjugates. When antisera  
are absorbed with polym erized antigens o r  an tibodies, no d ilu tio n  
o f  the sera occu rs and no insnune com plexes are formed. The problem 
with the la t te r  i s  th a t  they may d is s o c ia t e  and produce sta in in g  
which might be in te r p re te d  as s p e c i f i c  (Johnson A Holborow, 1973),
so th e ir  absence is  an advantage.
The r e la t iv e ly  high d ilu t io n  o f  the conjugated IgM 
required to  g ive a s p e c i f i c  reaction  w ith  the IgM s l id e  antigen 
produced a sta in in g  reaction  o f  low in te n s ity . The removal o f  
IgG by p rote in  A absorption  was in trod u ced , th ere fore , as a means 
o f  in creasing the s e n s it iv i ty  o f  the t e s t  system by reducing the 
com petition fo r  an tigen ic s it e s  a v a ila b le  to  IgM. P rote in  A, a 
c e l l  w all constitu en t o f  many stra in s  o f  S>. aureus, combines non- 
s p e c i f i c a l ly  w ith the Fc region  o f  IgC (Forsgren 4 S jB quist,
1966). I t  does not react with IgGj (K ronva ll 4 W illiam s, 1969); 
but, sin ce  th is  subclass con s t itu tes  o n ly  5.3Z o f  the to ta l human 
IgG (More 11 e t  a l . ,  1972), the lack  o f  rea c tion  is  o f  no p ra ct ica l 
consequence. Lind and Mansa (1968) showed that, w hile a s in g le  
absorption o f  undiluted sera with an equa l volume o f  a p rote in  A- 
containing . aureus produced a co n s id e ra b le  decrease in  the IgG 
content o f  rabb it serum, two absorption s were much more e f fe c t iv e  
in  that they l e f t  on ly trace amounts o f  IgG as determined by 
inm unoelectrophoretic a n a ly s is . D espite t h is ,  only one absorption  
o f  the 1:4 d ilu tio n s  o f  te st sera with equa l volumes o f  prote in  A- 
contain ing sta phylococca l suspensions was carried  ou t ; and, 
although the s in g le  absorption  procedure was not capable o f  
removing a l l  s p e c i f i c  IgG from an antiserum  o f  r e la t iv e ly  high 
an titox in  concen tra tion , i t  d id  reduce the s p e c i f i c  IgC o f  an 
antiserum o f  r e la t iv e ly  low a n tito x in  concen tra tion  to  a leve l 
beyond that de te c ta b le  by the in d ir e c t  inanunofluorescence technique. 
Hence, i t  seems reasonable to  assume th at the absorption  procedure 
with protein  A removes enough o f  the IgG to promote the se n s it iv ity  
o f  the rea ction  system by in crea sin g  the p rob a b ility  o f  in teraction  
between s p e c i f i c  IgM and the an tigen ic  s i t e s  o f  tetanus toxo id .
Attachment o f  tetanus toxo id  to  Sepharose beads is  
r e la t iv e ly  s im ple. The procedure c o n s is t s  o f  a c tiv a tion  o f  the 
beads by cyanogen bromide; coup lin g  o f  the tetanus toxo id  to the 
activated  beads; and d eactiva tion  o f  any residual ac tiva ted  groups 
(Axen e t  a l . ,  1967; Ax6n 4 Ernback, 1970; Cuatrecasas, 1970).
In agreement w ith the reports o f  van D alen , Knapp 4 Ploem (1973)
and o f  Deelder & Ploem (1 9 7 4 ), the fre e z e -d r ie d  conznercially 
ac tiva ted  Sepharoae beads were found to  be u n sa tis fa cto ry  as 
su b st itu tes  fo r  fre s h ly  ac t iv a ted  heads. The probable exp la ­
nation  fo r  th is  i s  that th e  activa tion  o f  the fre e z e -d r ie d  
product i s  not s u f f i c i e n t ly  homogeneous f o r  m icroscop ic  obser­
vations and measurements (van Dalen e t  a l . ,  1973 ). However, as 
the technique fo r  co u p lin g  tetanus toxo id  to  agarose is  so 
sim ple, there i s  no need to  re ly  on a supply o f  com m ercially 
ac t iv a ted  m a teria l.
The use o f  te ta n us  toxo id -coa ted  Sepharose beads as 
su bstra tes  in  the in d ir e c t  im nunofluorescence technique o f fe r e d  
d e f in it e  advantages o v e r  the use o f  tetanus toxo id  polymer as 
su b stra te . F i r s t ly ,  s in c e  the flu orescen ce  was conf ined to 
la rg e , w e ll -d e fin e d  sp h e re s , i t  was easy to  d e te c t  w ith assurance. 
In co n t ra s t , the p resence o f  small p ie ce s  o f  f lu orescen t or 
negative m ateria l o r  a fa in t  greenish c o lo u ra t io n  in  the tetanus 
toxo id  polymer o fte n  caused  confusion . Secon d ly , the degree o f  
f lu orescen ce  o f  the beads was r e la t iv e ly  easy to assess because 
o f  the un iform ity o f  the d is tr ib u tio n  o f  the flu orescen ce  and i t s  
gradual reduction  in  in t e n s it y  from grades 4* to 1+. M ixtures o f  
f lu o re sc in g  and n o n -f lu o r e s c in g  p ortions in  the tetanus toxo id  
polym ers, on the oth er  hand, made resu lts  d i f f i c u l t  to eva lu ate .
Both the p olym erized  tetanus to x o id  and the Sepharose- 
bound tetanus toxo id  showed some tendency towards low -grade non­
s p e c i f i c  sta in in g  d e sp ite  the use o f  a d i lu t io n  o f  anti-IgM  
conjugate that reacted  o n ly  with polym erized p u r ifie d  IgM as s l id e  
an tigen . However, the p rob lem  o f  n o n -s p e c i f ic  sta in in g  in  the 
Sepharose system can be circumvented by the use o f  0.65M sodium 
c h lo r id e  so lu tio n  as washing flu id  (C apel, 19 74 ), and o f  4% 
bovine serum albumin in  the conjugate d ilu e n t  (Deelder 4 Ploem, 
1974). C ap el's  recommendation o f  an 0.65M sodium c h lo r id e  s o lu tio n  
fo r  washing is  based on the resu lts  o f  t e s t in g  a range o f  s a lt  
s o lu tio n s  fo r  redu ction  o f  n o n -s p e c if ic  f lu orescen ce  due to non­
s p e c i f i c  io n ic  in te r a c t io n s . Blumberg e t  a l .  (1972) a ls o  poin ted  
ou t the importance o f  the io n ic  concen tra tion  o f  s o lu tio n s  in  the
prevention o f  n o n -e p e c i f ic  binding  o f  p ro te in e  by CN Br-activeted 
Sepharose. The presence o f  4* BSA in  the conjugate d ilu en t 
apparently prevents the attachment o f  con jugate i t s e l f  to  antigen- 
bound beads which tends to  occu r at h igh serum d ilu t io n s . Its  
in c lu sion  was based on the observation  by Deelder * Ploem (1974) 
that a coluiwi o f  an tigen -coated  beads bound serum albumin as well 
as s p e c i f i c  antibody from  mouse serum.
With regard to  m ethodology, the ap p lica tion  o f  m icro titre  
techniques and equipment to the in d ir e c t  immunofluorescence 
technique w ith  Sepharose- bound tetanus tox o id  proved to  be o f  
great value. A la rge  number o f  a n tise ra  can be accommodated on 
each p la te , and the use o f  a sim ple procedure fo r  washing the 
beads in the p la tes  s ig n i f i c a n t ly  reduced the number o f  manipulations 
involved in  th e ir  t e s t in g . Aside from these con s id era tion s , the 
usual savings in  m a teria ls  associa ted  w ith  m icro titre  techniques 
apply. A com bination o f  methods f o r  the automatic measurement o f  
the flu orescen ce  em ission  o f  the beads by m icrofluorom eters (van 
Dalen e t a l . ,  1973; D eelder & Ploem, 1974) and fo r  the automatic 
processing  o f  the a n tise ra  by modern m ic r o t i t r e  equipment could 
lead to rou tin e  procedures fo r  t e s t in g  la rge  numbers o f  sera by 
insnunofluorescence techniques fo r  a n tib od ies  to  tetanus toxo id  or 
an tigen  coupled  to  agarose sph eres.
C H A P T E R  «
INVESTIGATIONS INTO THE RELATION BETWEEN TETANUS 
IMMUNIZATION OF FEMALES AT DIFFERENT TIMES DURING 
CESTATION AND THE TRANSPLACENTAL PASSAGE OF IMMUNITY
The time requirements fo r  production  o f  tetanus a n t i t o x in  
by the mother and i t s  tra n sfe r  to the foetus a t a concentration  
s u f f ic ie n t  to  provide p ro te ct ion  were investigated  by inmunizing 
groups o f  pregnant women at d i f fe r e n t  stages o f  gesta tion  with a 
standard preparation  o f  adsorbed tetanus tox o id , and assaying c o r d  
and maternal b lood  samples c o l le c t e d  at de livery  fo r  an titox in  
con tent. Both a two-dose and a one-dose schedule o f  in je ct io n s  
were used.
With the two-dose schedu le, in je ct io n s  were adm inistered 
a t the usual time in terva l o f  s ix  weeks where the f i r s t  in je c t i o n  
was given e a r ly  enough in  the pregnancy to permit th is  regimen; 
otherw ise the time in te rva l between in je ct ion s  was three to  fo u r  
weeks. The purpose o f  the s in g le -d ose  study was to  provide more 
inform ation on the extent to  which a s in g le  dose o f  a standard, 
consnercially ava ila b le  vaccine may confer  p ro te ct io n , and the 
time necessary to achieve th is .
T itra t io n s  o f  tetanus an titox in  in cord and maternal s e r a  
were performed by the techniques o f  in d ire ct  haemagglutination and 
tox in  n e u tra liz a tio n  as described  in  Chapters 1 and 2. The method 
fo r  the d e te c t io n  o f  the IgM c la ss  o f  tetanus an titox in  by 
im munofluorescence, described  in  Chapter 3, was applied to s e le c t e d  
cord  sera and paired m aternal-cord sera to determine whether 
tetanus tox o id  i t s e l f  cro sses  the p la cen ta . I t  was an ticip a ted  
that the presence o f  te ta n u s -sp e c ific  IgM in cord blood only w ould  
provide ev iden ce fo r  the transplacenta l passage o f  tetanus to x o id
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and consequent stim ulation o f  the foe ta l iranune syatem, 
whereas the presence o f  s p e c i f i c  IgM in  both maternal and cord 
b loods would in d icate  e ith e r  the passage o f  small amounts o f  
maternal te ta n u s -s p e c ific  IgM; o r ,  more p rob ab ly , contam ination 
o f  cord b lo o d  by maternal b lo o d . The la t te r  is  not an in frequent 
occu rren ce , but can usually  be detected  by the concom itant and 
su bstan tia l amounts o f  maternal IgA that are a lso  in troduced in to  
the cord b lo o d  (Korones e t  a t . ,  1969). However, s p e c i f i c  IgM 
was detected  on ly in the m aternal blood samples.
METHODS AND MATERIALS
S u b jects . Pregnant women from  16 weeks gesta tion  w ith  a h is to ry  
o f  no p rev ious  tetanus immunization formed the study group. The 
in v e s tig a tio n s  were conducted in  co lla b ora tion  w ith  Dr. S. T.
Chen, Department o f  P a e d ia t r ic s , U niversity  o f  M alaya, Kuala 
Lumpur, M alaysia ; and the pregnant women in volved  in  the study 
were those attending  the an ten a ta l c l in ic  at the U n iversity  
H osp ital, Kuala Lumpur.
Ti— in iza tion  procedure. Lots N os .80944, 81067, 82376 and 88474 
o f  standard preparations o f  tetanus toxoid adsorbed to  aluminium 
hydroxide from  the Wellcome L aboratories were used. Each dose 
o f  0 .5  ml contained  20 Lf o f  tetanus tox o id . For the two-dose 
schedule, in je c t io n s  were g iven  s ix  weeks apart when the f i r s t  
was adm inistered before the 32nd week o f  g e s ta tio n , and three to 
four weeks apart i f  the f i r s t  in je c t io n  was adm inistered a fte r  
the 32nd week.
C o lle c t io n  o f  serum samples. Maternal and cord b lood s  were 
c o lle c te d  a t  d e liv e r y , and s to r e d  at 4°C overn ight. The sera 
were then removed from the c l o t s ,  transferred  to  o th er  con ta in ers, 
and s tored  a t  -20°C . Blood and serum containers were la be lled  
with the same inform ation , v i z ;  r e g is tra tio n  number; family 
nan* o f  mother and baby; date o f  c o l le c t io n  o f  the sang>les; and 
source o f  the saog>les, i . e .  whether from the mother o r  the baby. 
When a s u f f i c i e n t  nunber o f  samples had been c o l le c t e d ,  they were 
packed in dry i c e ,  and a i r - fr e ig h t e d  to the London School o f  
Hygiene and T rop ica l M edicine, where they were s to red  at -20  C
pending the s e r o lo g ic a l  in v e s t ig a t io n s .
T itra tion s  o f  serum samples f o r  tetanus a n t i t o x in .
Prelim inary t it r a t io n s  o f  the sera by the in d ir e c t  
haem agglutination technique perm itted the id e n t i f ic a t io n  o f  
samples w ith  no a n tito x in , and the subsequent assay o f  samples 
with a n t i t o x in  by toxin  n e u tra liz a t io n  on the b a s is  o f  on ly 
f iv e  tw ofo ld  serum d ilu t io n s . A fte r  a number o f  the a n tisera  
had been a ssa y ed , i t  became ev iden t that the tox in  n e u tra li­
za tion  t i t r e s  f o r  paired maternal and cord  samples rare ly  
d if fe r e d  by more than one tw ofo ld  d ilu t io n  s te p . A n titox in  
t it r a t io n s  by  the in d ir e c t  haem agglutination technique were 
then r e s t r ic t e d  to cord se r a . This procedure obviated  the need 
fo r  p r io r  a b sorp tion  o f  the serum samples because cord  sera  do 
not possess h eteroph ile  a g g lu t in in s  fo r  sheep c e l l s  (A den iy i- 
Jones, 1 9 6 7 ). Furthermore, i t  a ls o  abrogated the in d ica tion s  
f o r  a d d it io n  o f  2-m ereaptoethanol to  the d ilu en t as a means o f  
in a c tiv a tin g  the haem agglutinating a c t iv i t y  o f  the IgM component 
o f  tetanus a n t ito x in  s in ce  cord  sera would not be expected to 
contain s ig n i f i c a n t  amounts o f  th is  c la ss  o f  an tibody .
The tox in  n eu tra liz a t io n  assays were usually  conducted 
at the L-t/lOO o r  L+/4000 to x in  t e s t  dose le v e ls  using one mouse 
per te s t  d i lu t i o n ,  but some se le c te d  sera were t it r a t e d  at the 
Lp/10000 dose le v e l .  A s u ita b le  "working week" p ro to co l fo r  
the t i t r a t i o n  o f  tetanus a n t ito x in  in  maternal and cord  serum 
samples by the techniques o f  in d ir e c t  haem agglutination and tox in  
n eu tra liz a t io n  is  given in  Appendix x i i .
D etection  o f  the IgM cong>onent o f  tetanus a n t i t o x in .
Tetanus tox o id -coa ted  Sepharose beads were exposed to 
1:4 d ilu t io n s  o f  the sera fo r  t e s t in g  fo llow ed  by FIT C -labelled  
anti-human IgM sera in  m ic r o t i t r e  haem agglutination p la te s . A fter 
each exp osu re , the beads were washed thoroughly in  the p la tes  as 
p rev ious ly  d escr ib ed  (Chapter 3 ) .  The conjugated antiserum  used 
had been rendered  s p e c i f i c  f o r  human IgM by ab sorption  and 
d i lu t io n ; and any tendency towards n o n -s p e c if ic  sta in in g  in  the
te st system was counteracted by the use o f  0.65M  sodium c h lo r id e  
as wash f lu id  (C apel, 1974 ), and 4Z bov ine serum  albumin as 
d ilu en t fo r  the conjugate (Deelder 4 Ploem, 1 9 7 4 ).
C ontrols fo r  the in d ir e c t  im m unofluorescent technique 
included the su b st itu tion  o f  sa lin e  f o r  serum (n e ga tiv e ) ; the 
in c lu s ion  o f  a serum san^le w ith no tetanus a n t i t o x in  (n e ga tiv e ) ; 
and the in c lu s ion  o f  a pooled sample o f  a n t i s e r a  c o lle cte d  
during the primary or  ear ly  secondary immune response o f  p atien ts  
with T rop ica l Splenomegaly Syndrome, and known to  contain tetanus- 
s p e c i f i c  IgM ( p o s i t iv e ) .  In a d d it ion , the d i lu t i o n  o f  anti-human 
IgM used was tested  aga inst polym erized p u r i f i e d  human IgG 
(n e ga tiv e ) , and polym erized p u r ifie d  human IgM (p o s it iv e ) .
EXPERIMENTS AND RESULTS
In vestigation  in to  the r e l ia b i l i t y  o f  the a s s a y  o f  an tisera  by 
tox in  n e u tra liz a tio n .
As a check on the p re c is io n  and a c c u r a c y  o f  the procedure 
used fo r  tetanus a n titox in  t i t r a t io n ,  t h ir t y -t w o  antisera were 
t it r a te d  by two d if fe r e n t  workers at d i f f e r e n t  tim es. In on ly  two 
instances d id  the r e su lts  d i f f e r ,  and then th e  d iffe r e n ce  was only 
one tw ofold  d i lu t io n . This a t te s ts  to  a h ig h  degree o f  r e l ia b ­
i l i t y  in the tetanus a n titox in  t i t r a t io n s .
Determination o f  the r e la t io n  between time o f  f i r s t  or on ly  in je c t io n  
o f  the aethers and the presence o f  p ro te c t iv e  a n tito x in  t_i_tres_ in  
cord sera .
T itra tio n  r esu lts  fo r  a n a ly s is . About one hundred o f  the mothers 
were tested  fo r  evidence o f  p r io r  tetanus immunization by assaying 
fo r  tetanus an titox in  in  b lood  sang>les c o l l e c t e d  b e fore  the f i r s t  
in je c t i o n . Of th ese , approxim ately 12Z d id  show some le v e l o f  
tetanus an titox in  which in d ica tes  p r io r  te ta n u s  insnunization despite  
the h is to ry  o f  no such inanunization. In v iew  o f  th is  fin d in g , a 
conservative s e le c t io n  o f  the results  obta in ed  f o r  an titox in  
t it r a t io n s  in  the group without pre -in sn u n ira tion  an titox in  determin­
ation s was undertaken. A ll t i t r a t io n  r e s u l t s  o f  6 .4  unit per ml and 
above were r e je c te d  on the b a s is  that such h ig h  t i t r e s  could  not
with c e r ta in ty  be a t trib u ted  to  a two-doae iimmmiration schedule with 
a standard v a c c in e . M oreover, the c u t -o f f  at 6 .4  unit per ml also 
elim inated  a p rop or tion  o f  the t o ta l  which was comparable t o  the 
percentage o f  p o s it iv e  pre-im m unisation se ra . T itres  o f  more than 
0.01 unit per ml up to  28 days a f t e r  a s in g le  in je c t io n  were a lso  
d isregarded  s in c e  t it r e s  grea ter  than 0 .01  unit do not u su a lly  occur 
under such circum stances w ith toxo id s  o f  normal potency (MacLennan 
e t  a l . ,  1973; Cohen & Leussink, 1973 ). This s e le c t io n  process 
resu lted  in  about 751 o f  the t i t r a t io n  r e su lts  fo r  sera without pre- 
immunization a n tito x in  screen in g  be in g  retain ed  fo r  a n a ly s is .
Two-dose s ch ed u le . The r e la tio n sh ip  between the time o f  f i r s t  
in je c t io n s  o f  the mothers and the presence o f  at lea st  0.01  unit 
per ml o f  a n t ito x in  -  the gen era lly  accepted  p ro te ctive  le v e l 
(McComb, 1964) -  in  cord  sera  i s  expressed  as p roportions and 
percentages o f  the t o ta l nunfcer o f  cord  sera tested  fo r  ten-day 
time in te r v a ls  in  fig u re  12 end ta b le  34 r e sp e c tiv e ly . R esults 
in d ica te  that the two-dose schedule con ferred  p rotection  in  about 
50X o f  the b a b ies  fo r  the 50 to  59 and 60 to  69 day in te rv a ls  from 
f i r s t  in je c t i o n  o f  the mothers, and that th is  percentage increased 
to  about 70 to  80X fo r  the 70 to  79 and 80 to  89 day in te r v a ls .
Even a f t e r  90 days from the f i r s t  o f  the two in je c t io n s , some 
babies were n ot p rotected  ( fig u r e  1 2 ), probably because th e ir  
mothers f a l l  in to  the "low  responder" category  seen in a l l  immuni­
zation  s tu d ie s .
One-dose s ch e d u le . Results o f  the a n tito x in  t it r a t io n s  on cord 
sera w ith the s in g le -d o se  schedule o f  maternal insnunization (figu re  
13) in d ica ted  th a t , with one excep tion  out o f  56, no p ro te ct ion  
occurred  e a r l i e r  than 60 days a f t e r  in je c t i o n . T h ereafter , the 
numbers are to o  few to  draw any s ig n if ic a n t  conclu sion s.
Determ ination o f  the r e la t io n  between time o f  f i r s t  or on ly 
in je c t io n  o f  the mothers and the concen tra tion  o f  a n titox in  in 
cord  sera .
Two-doae s ch ed u le . The r e la tio n sh ip  between the time o f  f i r s t  
in je c t io n  o f  the mothers in  ten-day in te r v a ls  and the geom etric 
mean t i t r e  o f  tetanus a n tito x in  in  the cord  sera is  given in  table 
35. For the c a lc u la t io n  o f  the means, t i t r e s  that f e l l  w ith in  the
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TABLE 3*
R elation  between time o f  f i r a t  in je c t io n  o f  mother« and 
the percentage o f  cord  b loods with an titox in  t i t r e »  g rea te r  
than 0.01 unit p er  ml at d e l iv e r y ; two-dose achedule.
TIME IN TF.N-DAY 
INTERVALS FROM FIRST 
INJECTION TO DELIVERY
PERCENTAGE OF CORD 
BLOODS WITH PROTECTIVE 
LEVELS OF ANTITOXIN
20-29
30-39
40-49
50-59
60-69
70-79
80-89
90-99
100-109
110-119
120-129
130-139
140-149
150-159
160-169
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TABLE 35
R ela t ion  between time o f  f i r e t  in je c t i o n  o f  m other« and 
the a n titox in  t i t r e e  o f  cord b lo o d »  at d e l iv e r y : two- 
doee schedu le.
TIME IN TEN-DAY ANTITOXIN TITRES OF CORD BLOODS
INTERVALS FROM FIRST _______________________________________________________ ________
INJECTION TO DELIVERYNo.w ith -  or  <0.0025 No.with >0.0025 Geometric
unit per ml u n it per ml mean t i t r e s
20-29 2
30-39 12
40—49 8
50-59 5
60 -69 5
70-79 *
80-89 2
90 -99 1
100-109 2
110-119 2
120-129 0
130-139 0
140-149 0
150-159 0
160-169 0
0 .003
0.004
0.02
0 .03
0 .0 3
0.09
0.09
0.26
0 .12
0 .08
0.36
0 .37
0.19
0.2
0 .1 8
c a teg ory  o f  -  or  <0.0025 u n it per ml were assumed to have a valu e  
o f  0 .00 12 5  unit per ml in  accord with the p ra ct ice  o f  Newell e t  a l .  
(19 71 ).
Aa shown in  the ta b le , the geom etric mean t it r e a  f o r  the 
20 to  29 and 30 to  39 day in terva le , which marks the p eriod  o f  the 
primary immune response, were well below the p ro te ctive  l e v e l .  
However, a s ig n if ic a n t in crea se  in the geom etric mean t i t r e  occu rred  
in  the 40 to 49 day in te r v a l  with the adm inistration  o f  the second 
in je c t i o n  early  in  that in te r v a l. From 70 days a fte r  f i r s t  
in j e c t i o n ,  the mean t i t r e  rose sharply to  a value o f  0.09 u n it  per 
ml in  keeping with the 70Z lev e l o f  p ro te ct io n  conferred at th is  
tim e.
One-dose schedule. Because o f  the la rge  number o f  sera with t i t r e s  
le ss  than  or  equal to  0 .00 25  unit per m l, the calcu lated  geom etric  
mean t i t r e s  for the on e-dose  schedule are not r e a l i s t i c .  Never­
th e le s s , the results  ( ta b le  36) support the contention  that no 
p r o t e c t io n  is  l ik e ly  b e fo r e  60 days. In the 60 to  69 day in t e r v a l ,  
the f i v e  subjects gave a mean o f  0.01 u n it per ml.
C ord/m aternal an titox in  r a t io s  and th e ir  dependence on the time 
in te r v a l from the second  in je c t io n  to  d e l iv e r y .
Where maternal as w ell as cord sera  were assayed, the 
cord /m aterna l a n titox in  r a t io s  could be determined. These f e l l  
in to  th r e e  groups, i . e .  le s s  than one, equal to  one, and g rea ter  
than o n e . The d is t r ib u t io n  within the groups was unusual in  that 
there happened to be an equal nuntoer in  each . The cord/m aternal 
r a t io  o f  greater than 1 a c tu a lly  equalled 2 as the d iffe r e n ce  
between the maternal and cord  t it r e s  was e x a c tly  one tw ofold  
d i lu t i o n  in  every in s ta n ce . Most o f  the p aired  maternal and cord  
sera g iv in g  cord/m aternal r a tio s  less  than 1 a lso  d iffex ed  by a 
s in g le  tw ofold  d i lu t i o n , bu t there were two exceptions -  one p a ir  
with a fo u r fo ld  d if fe r e n c e  and one pair w ith an e ig h tfo ld  d i f fe r e n c e .
Inspection o f  th e  time in terva ls  in  days from in je c t i o n s  
to d e l iv e r y  fo r  the th ree  cord/m atem al r a t io  groups in ta b le  37 
in d ic a te s  an a s soc ia tion  between the r a t io s  and the times from 
second in je c t io n  to  d e liv e i-y . This im pression is  supported by the 
r e s u lts  o f  a one-way a n a ly s is  o f  variance on the d iffe re n ce s  between
TABLE 36
R elation  b t n m n  t in »  o f  in je c t io n  o f  mother» and the 
an titox in  t it r a a  o f  cord b lood « at d e liv e ry : one-dose 
schedule.
TIME IN TEN-DAY 
INTERVALS FROM 
INJECTION TO DELIVERY
ANTITOXIN TITRES OF CORD BLOODS
No. in  group Geometric mean
t it r e
0-9
10-19
20-29
30-39
40-49
50-59
60-69
70-79
80-89
110-119
120-129
140-149
160-169
17
9
12
4
5
2
2
1 only 
1 only
0.002
0.002
0.001
0.002
0.002
0.003
0.C1
0.13
0.04
-  o r  <0 .0 1
-  or  <0.0025
TABLE 37
R elation  between the cord /m aterna1 anH tox in  r a t io »  and the 
t ia e  in te r v a ls  in  days from in je c t io n s  to d e l iv e r y .
CORD/MATERNAL
RATIO
INTERVAL IN DAYS * FKOM INJECTIONS 
TO DELIVERY
F irst  in je c t i o n Second in je c t io n
C/M <1 86.58 ♦ 38.43 27.16 ♦ 25.47
C/M -  1 87 .17 ± 31.79 36.52 ♦ 18.92
C/M >1 100.41 ♦ 33.07 61.41 ♦ 34.98
aR esu lts  are expressed as the mean number o f  days + s .d . fo r  each 
group o f  17.

the times from in je c t io n s  to  d e livery  fo r  the three r a t io  groups.
A s ig n if ic a n t  d if fe r e n ce  (p<0.005) was found fo r  times from the 
second in je c t io n s  on ly .
Because o f  the s is e  o f  the standard deviations and th e ir  
tendency to  in crea se with the mean fo r  the number o f  days from 
second in je c t io n  to  d e liv e ry  in the three groups, an analysis o f  
variance was a ls o  conducted by computer using loge and square 
root transform ations o f  the numbers o f  days. Results o f  the 
an a lys is  by computer supported the s ig n ifica n ce  o f  the d i f fe r e n c e s . 
D etection  o f  L eta itu s-sp ecific  IgM in maternal sera by iimmmo- 
f lu orescen ce .
D eta ils  o f  the antisera  se le c te d  fo r  te st in g  and the 
r e s u lts  o f  te s t in g  fo r  the presence o f  te ta n u s -sp ec ific  IgM are 
given  in  ta b le  38. Six o f  the maternal antisera (607) from the 
two-dose in je c t io n  schedule were p o s it iv e , but no s p e c i f i c  IgM was 
found in  any o f  the cord  sera . In add ition  to the cord  sera 
l i s t e d  in  ta b le  38, a fu rther ten sangjles were te sted ; b u t, a g a in , 
there was no evidence fo r  the presence o f  te ta n u s -sp ec ific  IgM in  
any o f  them. The two samples o f  maternal antisera tested  a fte r  
one dose o f  tetanus toxo id  were a lso  negative.
DISCUSSION
D efin in g  what c on st itu tes  an acceptable le v e l o f  
p ro te c t io n  in  terms o f  the percentage o f  cord b loods with p rotec­
t iv e  a n titox in  t i t r e s  at d e livery  as a c r ite r io n  fo r  in te rp re ta tion  
o f  data p resents  a problem. A 1007 p ro te ction  rate would be too 
s tr in gen t a requirenmnt fo r  a standard two-dose in je ct io n  schedule 
o f  a standard tetanus to x o id , and one which does not take in to  
account the ex is ten ce  o f  "low  responders". S ta n fie ld , Gall S 
Bracken (1973) proposed that a 70 to  807 p rotection  rate in  the 
mothers a t d e liv e r y  may be approaching acceptab le  lev e ls  on the 
b a s is  that even the mothers with le s s  than 0.01 unit per ml o f  
a n tito x in  in the groups with th is  percentage o f  p rotected  women
possessed acme an titox in  which would o f fe r  aotne p r o t e c t io n  to 
th e ir  babiea in about one th ird  o f  caaea.
Of courae, "p r o te ct io n ”  in  babiea, which i s  defined 
as a maternal an titox in  t i t r e  o f  0 .01  unit per ml o r  grea ter , 
is  a le a s  demanding c r ite r io n  fo r  success in any v a cc in a tion  
programme. I t  ia  based on the extra p o la tion  from th e  observation 
by MacLennan e t a l .  (1965) that no tetanus occurred  in  any of 
f iv e  babiea  with an titox in  t it r e a  le a s  than 0.01 u n it  per ml born 
to mothers w ith an titox in  t i t r e a  in  the p ro te c t iv e  range. While 
i t  may w ell be true that the a c tu a l p ro te ct iv e  t i t r e  o f  an titox in  
i s  lea s  than the genera lly  accepted  p ro te ct iv e  t i t r e  (Newell et 
a l . ,  1 9 71 ), ex trapo la tion  from on ly  f iv e  su b je c ts  d oes  not seem to 
ju s t i f y  the acceptance o f  a lower standard for  determ ining 
p ro te ct ion  in  the newborn at p resen t.
In studies reported h ere , a t i t r e  o f  at le a s t  0.01 
unit per ml in  the cord sera was considered the c r i t e r i o n  for 
p ro te c t io n . This means that the 70 and 83* p r o t e c t io n  rates which 
were observed fo r  the 70 to  79 and BO to  89 day in te r v a ls  r e sp e c tiv e ly  
are more s ig n if ic a n t  than are equ ivalen t percentages o f  p rotective  
le v e ls  based on maternal l i t r e s  o n ly . The 70th day seems to be 
c r i t i c a l ,  in  the sense that a f i r s t  In je c t io n  g iv en  t o  mothers 
before the 70th day from d e l iv e r y , and follow ed by the usual in je c t io n  
six  weeks la t e r ,  would be expected to  confer a d eg ree  o f  protection  
approaching acceptab le  le v e ls  in  th e ir  babies, w h ile  a f i r s t  in je c t io n  
given a f t e r  th is  time would o f fe r  no better  than a p ro te ct io n  ra te  o f  
about 50*.
In sp ite  o f  the d i f fe r e n t  means o f  gauging pro te ction , 
however, the 91* rate obtained here with a tw o-dose schedule o f  
20 Lf o f  adsorbed toxoid fo r  the 90 to  99 day in te r v a l from the 
f i r s t  in je c t i o n  was comparable w ith  those found by S ta n fie ld  et a l .  
(1973) f o r  the two-dose schedules o f  10 L f, 20 Lf and 40 Lf of 
adsorbed to x o id s  given at lea s t  60 days from the la s t  in je c t io n , i . e .  
90 days from the f i r s t  in je c t io n  w ith  the one month in te rva l between 
in je c t io n s .
r
R esults o f  the s in g le  dose schedule in d icate  that the 
p rotection  conferred  fo r  up to  60 days fo llo w in g  inmuni ca tion  is  
p ra c t ica lly  n e g l ig ib le .  T h is  find ing agrees w ith and extends 
that o f  S uri, D hillon  4 Grewal (1964) who reported  that none o f  
the nineteen «»th ere  r e c e iv in g  a s in g le  in je c t io n  o f  5 Lf o f  
adsorbed toxo id  le ss  than 30 days be fore  d e liv e r y  gave p r o te c t iv e  
leve ls  o f  a n tito x in  in  the co rd  blood o f  th e ir  ba b ies . In the 
study reported  h ere, on ly  on e  out o f  f i f t y - s i x  mothers gave a 
p ro te ctive  cord  le v e l when in je cte d  with a 20 L f dose o f  adsorbed 
toxoid le s s  than 60 days b e fo r e  de live ry . Beyond 60 days, r e s u l ts  
are too few to e s ta b lish  j u s t  how early  in pregnancy a s in g le  dose 
might be e f fe c t iv e  -  but th e  study has shown that i t  must be at 
lea st e a r l ie r  than 60 d a y s .
When paired m aternal and cord a n tise ra  are assayed on 
the basis o f  tw ofold  serum d ilu t io n s , the r e s u lt in g  t i t r e s  seldom  
d if fe r  by more than one tw o fo ld  d ilu tio n . Of the 51 paired  a n t i ­
sera tested  h ere , fo r  exam ple, only two cord  sera gave a n tito x in  
t it r e s  that were le ss  than the corresponding maternal a n tito x in  
t it r e s  by more than one tw o fo ld  serum d ilu t i o n . This ra ised  the 
question o f  the s ig n if ic a n c e  o f  the tw ofold  d i f fe r e n c e s . In the 
ser ie s  te s te d , paired m aternal and cord a n tise ra  were always assayed  
by toxin  n eu tra lisa tion  a t  the same tox in  t e s t  dose le v e l e .g .  
e ith er  at L+/100 or  Le/lOOO o r  Le/4000. This means that the 
varia tion  o f  a one tw ofo ld  d ilu tio n  which «»ay occur when assays o f  
d ilu tion s  o f  the same serum sample are conducted at d if fe r e n t  to x in  
te st dose le v e ls ,  as p r e v io u s ly  shown in Chapter 1, i s  not p e r t in e n t . 
Moreover, as a lso  shown p re v io u s ly , repeated t it r a t io n  o f  the same 
antiserum at the same to x in  te s t  dose le v e l  g ives a remarkably 
constant a n titox in  t i t r e .  Hence, a tw ofold  d iffe r e n ce  in  a n t i to x in  
t it r e s  between maternal and cord sera probably does represent a v a l id
d ifferen ce  in  an titox in  con cen tra tion s .
An exam ination o f  the cord/m aternal an titox in  r a t io  groups 
o f  le ss  than 1 , equal to  1 ,  and greater than 1 , in  terms o f  the nunfcer 
o f  days * la psin g  from f i r s t  and second in je c t io n s  to  d e liv e ry  f o r  each 
group, '.icated that th e r e  was an a s so c ia tio n  between the three r a t io
group* and the nuafcer o f  days from second in je c t i o n . An a n a ly s is  
o f  var ia n ce  on the means and variances o f  the number o f  days from 
second in je c t i o n  fo r  the three groups shoved that the v a r ia n ce  
between the groups was s ig n if ic a n t ly  g reater than the v a r ia n ce  
w ith in  each  group which supported the re la tio n  in d ic a te d . This 
approach leads to the conc lu s ion  that the value o f  the c o r d /  
maternal a n tito x in  r a t io  i s  d ir e c t ly  re la ted  to  the time e la p s in g  
from the second in je c t io n  to  d e liv e r y ; and, more s i g n i f i c a n t ly ,  
p rov id es evidence fo r  an a c tiv e  mechanism fo r  the tr a n sp la ce n ta l 
passage o f  a n titox in  aga inst a concentration  gradient in  th e  la te r  
stages o f  the in te rva l from the second in je c t io n  to  d e l i v e r y .
The f in d in g s  o f  S ta n fie ld  e t  a l . (1973) d i f f e r  from the on es 
reported  here in that th e ir  average cord /m atem al a n t i t o x in  r a t io  
was le s s  than 1. However, Suri e t  a l . (1964) obtained  a v a lu e  o f  
about 1 f o r  cord/m aternal a n titox in  r a tio s  a f t e r  two and th ree  
in je c t i o n s  o f  tetanus t o x o id ; and, in  other f i e ld s ,  c o rd /m a tem a l 
r a t io s  a re  frequently  reported  to  be g reater than 1 (B a rr , Glenny 
& R andall, 1949; Murray, Caiman & Lepine, 1950; T oivan en . 
MMntyjarvi & Hirvonen, 1968). From the resu lts  obta in ed  f o r  the 
in v e s t ig a t io n  in to  cord /m atem al r a t io s ,  i t  appears th a t  n ot only 
i s  m aternal an titox in  tran sferred  with in crea sin g  e f f i c i e n c y  a fte r  
the second in je c t io n  as compared to  the f i r s t  (S ta n fie ld  e t  a l . ,  
1973 ), bu t a ls o  i t  i s  tran sferred  with p rog ress iv e ly  in c r e a s in g  
e f f i c i e n c y  throughout the p eriod  from the second i n j e c t i o n ;  u n t i l ,  
f in a l l y ,  i t  i s  transported aga inst a concentration  g r a d ie n t .
No evidence was found to  support the su ggestion  o f  G il l  
(1973) th at antigens such as tetanus toxoid  may a ls o  c r o s s  the 
p la cen ta . Of cou rse , th is  does not exclude the p o s s i b i l i t y  o f  such 
an o c cu rr e n ce , e s p e c ia lly  in view o f  the balance o f  t e c h n ic a l  
fa c to rs  that operate in  the in d ir e c t  insaunofluorescence tech niqu e 
which was used fo r  the d e te c t ion  o f  any s p e c i f i c  fo e ta l  IgM 
r e s u lt in g  from tetanus toxo id  stim u lation . In gen era l, where the 
im nunofluorescence t e s t  i s  p o s it iv e , re su lts  are o f  valu e  p rov ided  
that the s p e c i f i c i t y  has been e s ta b lish ed : where the t e s t  i s
.leg a tiv e , conc lu s ion s  cannot be made bccauae o f  tha lim ita tio n s  
o f  s e n s i t iv i t y .  I t  may be that amall amount, o f  tatanua to x o id  
do pass tha p la cen ta , but the magnitude o f  the IgM response by 
tha foatua is  not s u f f i c ie n t  to be d e te c te d  by the technique u sed .
N everth e less , the immunofluorescence technique was 
s e n s it iv e  enough to  d e te c t  te ta n u s -s p e c if i c  IgM in maternal s era  
ap p a ren tly . The r e s u lts  obtained fo r  th e  maternal sera are in  
a ccord  with the in te r e s t in g  and rather unusual fin d in gs o f  Hernandez, 
Just 4 BUrgin-W olff (1973 ) who reported  that the form ation o f  
tran s ien t IgM a n t ito x in  was very comnon -  even in  obv iou sly  ionune 
in d iv id u a ls  w ith measureable amounts o f  IgC an titox in  -  a f t e r  r e ­
v a c c in a t io n , but not so  consnon a fte r  the f i r s t  v a cc in a tion .
Hernandez e t  a l . (1973) found that 11 ou t o f  24 a n tise ra  (66Z) 
te s ted  a f t e r  r e va cc in a tio n  w ithin s ix  months to  two years o f  
va cc in a tion  produced te ta n u s -s p e c if i c  IgM. In the in v e s t ig a t io n  
conducted on the maternal sera , a comparable percentage (60X) were 
found to  con ta in  s p e c i f i c  IgM a fte r  v a r ia b le  in te rv a ls  from the 
second va cc in a tion  g iven  s ix  weeks a f t e r  the f i r s t  v a c c in a t io n .
On the oth er hand, on ly  one in  four person s given f i r s t  in je c t i o n s  
produced s p e c i f i c  IgM in  the se r ie s  te s te d  by Hernandez e t  a l .
(1 9 7 3 ), and n e ith er  o f  the two maternal a n tise ra  tested  a f t e r  a 
s in g le  in je c t io n  showed evidence o f  the presence o f  s p e c i f i c  IgM ; 
adm itted ly , the m a k ers tested  a fte r  primary in je c t io n s  are few .
I t  seen* th ere fo re  that the iimnune response to  primary, second a ry , 
and b oos te r  doses o f  tetanus toxoid  does not fo llow  the c la s s i c a l  
as fa r  as the p roduction  o f  IgM i s  concerned.stereotype
C H A P T E R
INVESTIGATIONS INTO Tff- RELATION BETWEEN LYMPHOCYTE 
REACTIVITY AND THE OCCURRENCE OF REACTIONS TO 
TETANUS TOXOID VACCINATION
S e n s it ize d  peripheral lymphocyte«, in the presence o f  
s p e c i f i c  a n t ig e n , undergo b la s t  transform ation w ith  an increase 
in  the ra te  o f  synthesis o f  DNA. More pronounced transform ation 
is  produced in  lymphocyte cu ltu res in  the presence o f  n o n -sp ec if ic  
mitoRens such  as phytohaemagglutinin (Nowell, 19 60 ). The extent o f  
a c t iv a tio n  o f  the lymphocytes i s  usually  measured by determining 
the in c o rp o r a tio n  o f  rad ioa ctive  thymidine in to  th e ir  DNA (Dutton 
& Eady, 1964; Caron et a l . ,  1965).
The response o f  lymphocytes from a group o f  su b jects  who 
developed re a c t io n s  to tetanus toxo id  vaccination  as compared to a 
con tro l group showing no such reaction s was in v e s tig a te d  by 
owasuring the uptake o f  t r it ia te d  thymidine by lymphocytes cultured 
from the s u b je c t s  o f  each group in  the presence o f  tetanus toxoid 
antigen . Response to phytohaemagglutinin was in v e s tig a te d  simul­
taneously to  p rov ide in forsiation  on general T c e l l  r e a c t iv ity  
(Davies e t  a l . ,  1968) fo r  conq>arison with the s p e c i f i c  r e a c t iv ity . 
F u rtherm re, s in c e  the response to  phytohaemagglutinin involves the 
m ajority o f  perip hera l lysgjhocytes whereas that to  s p e c i f i c  antigens 
involves from  on ly  0 .5  to 5Z (Oppenheim, Leventhal 4 Hersh, 1968), 
the fommr p rov id es  in assay system fo r  ly^>hocyte r e a c t iv ity  that 
i s  far  le s s  su b je c t  to varia tion  because o f  the la rg e  d if fe r e n t ia l 
between the a c t iv i t y  o f  stim ulated and unstimulated (c o n t r o l )  c e l l s ,  
and because e r r o r s  due to sampling varia tion  are n e g l ig ib le .  This 
nmans that v a r ia b le s  a ffe c t in g  the response o f  lym phocytes to 
phytohaem agglutinin can be in vestiga ted  q u a n tita tiv e ly  and con tro lled  
so as to g iv e  optioml assay con d ition s . Results obta in ed  in the 
qu a n tita tive  evaluation  o f  the varia b les  were congiared with those 
reported by o th e r s  as a check on general m ethodology; and, more 
p a r t ic u la r ly , on the sim p lified  procedure used fo r  the harvesting 
and p ro c e ss in g  o f  the lymphocyte cu ltu res . The PHA response, as 
■Kasured under optimal cond ition s , was a lso  used to  assess  possib le
detrim ental e f fe c t s  o f  atorage on lyng>hocytes: auch storage was
necessary because the lo ca tion  o f  the te s t  group precluded 
im e d ia te  processing.
MATERIALS AND METHODS
Study popu lations. The te st group con s is ted  o f  eng>loyees o f  the 
B rit ish  Leyland (Austin-M orris) L td . fa c to ry  at Cowley, Oxford, 
who developed reactions to the tetanus toxo id  vaccin es used in 
the im u n ization  procedures d escr ib ed  by White e t  a l .  (1973).
The age range was from 24 to 59 y e a r s , but the m ajority  were in  
the 30 to  39 and 40 to  49 decades. Only two o f  the test group 
were probable reactors to  f i r s t  in je c t i o n s :  the rest had 
reacted to second or  booster d oses ; o r ,  where immunization 
h is to r ie s  were uncertain, had produced a n titox in  t it r e s  in d icative  
o f  secondary responses.
The control group com prised la boratory  workers who had 
been inmunized with tetanus t o x o id , w ithout any adverse reaction s, 
w ithin  a year o f  s a i l i n g .  In th is  group, ages ranged from 21 to  
67 years with the m ajority in the 20 to  29 year range, and several 
over 50 years. Although the age range fo r  the c o n t ro l group was 
considerably greater than that f o r  the te s t  group, the mean age 
fo r  the two populations was not s ig n i f i c a n t ly  d i f fe r e n t . 
Phytohaemagglutinin (PHA). P u r if ie d  fre e z e -d r ie d  PHA (Wellcome 
Reagents L td .) was recon stitu ted  in  Oxoid PBS (Appendix i i i ) ;  
d is tr ib u ted  in  small volumes; s to r e d  at -20°C ; and used im e d ia te ly  
once thawed. A s in g le  batch (Lot No.K8805) was used fo r  a l l  t e s ts . 
Tissue cu lture media and culture tu b e s . T issue cu lture media and 
ad d itives  such as fo e ta l c a l f  serum were usually  obtained from Cibco 
B io-C ult Diagnostics L td ., Washington Road, Sandyford Industria l 
E state , P a isley , Renfrewshire, S cotla n d . S t e r i le  p la s t ic  tissue 
cu ltu re  tubes, 125 mm x 16 mm, with screw caps (Falcon R ef.N o.3033) 
were a lso  purchased from Gibco B io -C u lt D ia gn ostics  Ltd.
T r it ia te d  thym idine. (M ethyl-3« )  thymidine wee su p p lied  in 
aqueous so lu tion  by the R adiochem ical Centre, Amersham. Two
batches were ueed v ia :  one o f  s p e c i f i c  a c t iv it y  1 8 .4  Ci/mnol 
(Batch No.9 2 ); the o th er  o f  s p e c i f i c  a c t iv it y  17 Ci/mmol 
(Batch N o.100).
P u r if ica t io n  o f  tetanus toxoid an tigen
Batch V .G .T . No.6 o f  te ta n us toxo id  (Appendix v i i )  is  
free  o f  p re se r v a t iv e s , and showed no lymphocyte t o x i c i t y  in 
lyag»hocyte s tim u lation  te sts  (N agel, personal com n un ication ).
I t  was p u r ifie d  by fra ctio n a tio n  on Sephadex G-200 (Pharm acia); 
concentrated  by u l t r a f i l t r a t i o n  in  a B-15 type o f  Amicon f i l t e r  
(Amicon L t d . ) ;  and i t s  protein  c on cen tra tion  was estim a ted  by 
the technique o f  Lowry e t  a l .  (1 9 5 1 ). The id e n t ity  and purity  
o f  the antigen was te sted  by insnunodi f  fusion  and iimnuno- 
e le c tro p h o r e s is  aga in st tetanus a n t i t o x in  o f  su ita b le  concent­
r a t io n . With each o f  these methods, on ly  a s in g le  l in e  o f  
p re c ip ita t io n  developed .
T estin g  o f  f o e ta l c a l f  serum (FCS) f o r  the presence o f  tetanus 
a n titox in .
Since the serum o f  c a t t le  may contain  low con cen t­
ra tion s o f  n atu ra lly -a cq u ired  tetanus an titox in  (W ilson  A M iles, 
1955 ), each batch o f  h e a t-in a ctiva te d  PCS was checked f o r  the 
presence o f  tetanus a n titox in  by the tox in  n e u tra liz a t io n  t e s t .
The te s t in g  was conducted at the Lp/lOOOO test dose le v e l  on 
undiluted serum and on a serum d i lu t i o n  o f  1 :2 , u sin g  fou r  mice 
per t e s t .  At th is  te s t  dose le v e l ,  the minimum t i t r e  that can 
be determined is  0 .001 u/m l. However, s in ce  the e n d -p o in t  for  
the Lp/10000 assay is  based on a 2* degree o f  p a r a ly s is ,  even 
lower le v e ls  o f  a n t ito x in  can be d e te c te d  -  although n o t  a c tu a lly  
nmasured -  by comparison o f  the degree  o f  p ara lysis  d eve lop in g  in  
the te s t  group with the U* degree o f  p a ra ly s is  o f  the c o n t ro l 
group which r e ce iv e  tox in  on ly . One batch  o f  FCS from  Gibco B io- 
Cult (Batch NO.K148202) d id  give 3+ rea ction s  in  th ree  o f  the 
four mice tested  w ith  an undiluted sangile; th is  batch  was avoided .
A aa eas i»n t o f  the t ran« format ion  response o f  lymphocyte» to  PHA 
and tetanus to x o id .
C o l le c t io n  o f  b lood  «am ple«. A volume o f  15 -20  ml o f  b lood  ia  
c o l l e c t e d  in p re s erv a t iv e -free  heparin (B .D .H .) at a concen tra tion  
a u f f i c i e n t  to give 20-30 im ita o f  heparin per  ml o f  b lood . The 
h ep a r in iz ed  blood  ia  then added to  an equal volume o f  S-MEM 
(Suapenaion) medium conta in in g  a n t ib io t ic a  and HEPES b u ffe r  
(Appendix x i i i )  fo r  preaervation  o f  the lyn ph ocytes i f  atora gc  ia 
n ccea a a ry ; or  to  any tia sue cu ltu re  medium i f  the sample ia  to  
be p rocessed  immediately.
I s o la t i o n  o f  lymphocytes. Ly«g>hocytes are is o la te d  by a procedure 
based on  that o f  Perper, Zee A M ickelson  (1 9 6 8 ). Volumes o f  30 ml 
o f  a m ixture o f  24 parts o f  9Z F i c o l l  (Pharmacia) and 10 p a r ts  o f  
34Z T r io a i l  440 (Nyegaard & C o ., Norway, o b ta in a b le  from V e a tr ic  
S C o .,  L t d . ,  Runcorn, C heshire) are added to  la rg e  s t e r i le  te s t  
tubea o f  dinmnsions 170 mm x 26 mm i . d .  (a p p rox . 100 ml c a p a c it y ) .  
The b l o o d ,  d ilu ted  in  an equal volume o f  S-MEM (Suspension) medium 
o r  o th e r  medium, ia  layered  on the su rfa ce  o f  the F i c o l l - T r i o s i l  
m ix tu re . C entrifugation  at 400 g f o r  30 m inutes then separates 
the lymphocytes as a white layer at the in te r fa c e  o f  the plasm a- 
medium and F i c o l l - T r io s i l  la y ers .
Washing and counting o f  lym phocytes. The lymphocyte layers are 
t r a n s fe rr e d  to large te s t  tubea o f  the same type  by Pasteur 
p ip e t t e s ,  and are washed twice in  E agles MEM w ith  a n t ib io t ic a  
(A ppendix x iv ) ,  and once in  complete RPMI-1640 medium supplemented 
w ith  a n t i  to x in -fr e e  FCS and conta in in g  a n t ib io t i c s  and HEPES b u ffe r  
(A ppendix x v ). For the f i r s t  wash, the c e l l s  are  subjected  to  
500 g  f o r  20 minutes in  order to ensure th e ir  recovery from 
contam inating F i c o l l - T r io s i l  m ixture. Subsequently , the c e l l s  are 
sedim ented by 400 g fo r  10 m inutes.
The washed lymphocytes are d ilu te d  in  conplete  RPMI-1640 
medium and then in  eos in  s o lu t io n  fo r  cou n tin g  and fo r  check ing  o f  
v i a b i l i t y  (Appendix x v i ) .  A y ie ld  o f  approxim ately  60-70Z o f  the 
number o f  lymphocytes th e o r e t ic a l ly  a v a ila b le  i s  obtained from  the
blood  samples, and the v ia b i l i t y  is  u eu e lly  100Z aa eatimated by 
dye excluaion . On av era g e , contamination by red b lood  c e l le  ia 
about 5X, and granulocytes are Been on ly  rare ly .
Lymphocyte culture in  the presence o f  atim ulanta. Suspensions o f  
lymphocytes are prepared in  complete RPMI-1640 medium at tw ice 
the f in a l required co n c e n tra tio n , and 0 .5  ml aliquots o f  the 
suspensions are d is tr ib u te d  in to  t issu e  cu ltu re  tubes. The 
stim ulants, PHA and teta n us toxo id , are a ls o  d ilu ted  in the same 
medium to  twice the f in a l  concen tra tion , and likewise added to  
the tubes in 0 .5  ml volum es. G enerally , duplicate  cu ltures are 
prepared fo r  each t e s t  con cen tra tion  o f  PHA or  tetanus to x o id , and 
cultures consistin g  o f  lymphocytes and medium only are always 
included fo r  the d eterm ination  o f  the ra te  o f  spontaneous lympho­
cyte transform ation.
Tubes con ta in in g  the cultures are incubated in an 
atmosphere o f  a ir  plus 5Z carbon d iox id e  with th e ir  screw caps 
s lig h t ly  loosened. The lymphocytes are incubated for  a to ta l 
period o f  72 hours in  th e  presence o f  PHA, and fo r  6 days in  the 
presence o f  tetanus t o x o id .
Pulsing and harvesting o f  cu ltu re s . Each culture tube i s  pulsed 
with luCi o f  t r it ia te d  thym idine in 0 .1  ml o f  medium 6 hours before 
the end o f  the in cubation  period  fo r  PHA, and 16 houts be fore  the 
end o f  the incubation p e r io d  fo r  tetanus tox o id . Additions o f  the 
rad ioa ctive  compound are nmde with a F innpipette (Buckley membranes 
L td .) and s te r i le  d is p o s a b le  t ip s  (Boehringer Corporation L t d . ) .
At the same time, the c a l l s  are resuspended by shaking.
At the end o f  the incubation p e r io d s , a liqu ots  o f  150 ul 
o f  the mixed contents o f  each  tube are transferred  to each o f  two 
Whatman 2 .5  cm glass f i b r e  d is c s ,  type GF/C (W. A R. Balston L td ., 
S pringfie ld  M ill , M aidstone, Kent). F igure 14 shows the d iscs  
supported on a base made from  two layers o f  p la s tic  sheeting 
between which c ir c u la r  d i s c s  o f  lead (obta in ab le  commercially as 
"curta in  w eights") are f ix e d  by a s u ita b le  epoxy resin  adhesive 
such as "A ra ld ite " . C oloured  markers on one side o f  the base

se r v e  to  iden tify  the u n it, and p rov ide a re fe ren ce  p o in t fo r  
in d ic a t in g  the sequence o f  samples.
P r o ce ss in g  o f  sa n g les . A fter the samples have d ried , the d is c s  
are tran sferred  on the weighted p la s t i c  p in -b oa rd  in sequence 
through 22.5 cm x l b . 5 cm photographic d eve lop in g  d ishes (Paterson  
P rodu cts  L td ., 32 Bedford Row, London, W . l . )  contain ing  10% 
t r ic h lo r a c e t ic  a c id , Oxoid PBS (Appendix i i i ) ,  d ilu ted  ethanol 
(a p p rox . 701) and absolu te e thanol. The p in -boa rd s  are l e f t  fo r  
about ten minutes in  each so lu tio n .
S c in t i l l a t i o n  coun ting . The d is cs  are d r ie d  overnight on the 
p l a s t i c  pin-board in  an incubator. Each i s  then tran sferred  to  
a g la s s  s c in t i l la t io n  v ia l (Johnsen 4 Jorgensen  L td ., Herringhan 
Road, London, S .E .7) contain ing 5 ml o f  s c in t i l l a t i o n  f lu id .
The s c in t i l la t io n  f lu id  con s is ts  o f  4 g / l i t r e  o f  PPO (Koch-Light 
L a borator ies  L td .) and 0 .1  g / l i t r e  o f  **d im ethyl POPOP (Koch- 
L ight la borator ies  L td .)  in  a base o f  to lu en e  (B .D .H .). Care is  
taken to  avoid exposure o f  the v ia ls  to  f lu o re sc e n t l ig h t  because 
the r e su lt in g  induced phosphorescence may be  transm itted to  the 
s c in t i l l a t o r s  (P r ice , 1973).
The em issions from each v ia l  a re  counted fo r  p er iod s  o f  
ten minutes on a Tracerlab ICN C oru/m atic 200 S c in t i l la t io n  
C ounter. Since counts on the tr itiu m  standard  are constan t, and 
th ere  i s  re la tive ly  constant quenching by the channels r a t io s  
m ethod, counts per minute are not converted  to  d is in teg ra tion s  
per m inute. Average counts per minute per  ml o f  the unstim ulated 
c u l tu re s  are subtracted  from those o f  the stim ulated  c u ltu re s , 
and the results usually  expressed as lo g 1Q o f  the d i f fe r e n c e .
PPO «  2 ,5-d iph en yloxazo le .
**d im ethyl POPOP -  l ,4 -D i- (2 -(4 -m e th y l-5 -p h e n y lo x a z o ly l) ) -  
benzene.
EXPERIMENTS AND RESULTS
Determination o f  the rmjor v a r ia b le «  a f fe c t in g  the response 
o f  lymphocytes to  phytohaem agglutinin.
I n i t i a l l y ,  a c on cen tra tion  o f  0 .5  x 106 lymphocyte« per 
ml o f  cu ltu re  was used in the t e s t  system along with an incubation  
p eriod  o f  48 h ou rs and a pulse o f  1 uCi/srt fo r  fou r  hours. As the 
concen tra tion  o f  each va r ia b le  g iv in g  a maximal response was 
determined, i t s  use at that con cen tra tion  was adopted in  subsequent 
experim ents.
C oncentration  o f  PHA. Figure 15 shows the e f f e c t  o f  concen tra tion  
o f  PHA on the response under the con d it ion s  descr ib ed  above. A 
concen tra tion  o f  1 ug/ml o f  PHA was chosen fo r  the in v estig a tion s  
which fo llo w e d , although the r e s u l t s  obtained w ith  PHA o f  
concen tra tion s 0 .5  ug/ml and 1 ug/ml d if fe r e d  on ly  s l ig h t l y .  
C oncentration o f  1yns>hocytes. The e f fe c t  o f  lymphocyte concent­
ra tion  in  both  the PHA-stimulated and unstimulated c o n t ro l cu ltu res  
was in v e s t ig a te d . A concen tra tion  o f  1 x 106 lymphocytes per ml 
gave a c le a r -c u t  maximum ( fig u r e  1 6 ) . The s l ig h t ly  reduced response 
in  unstim ulated cu ltu res  o f  c on cen tra tion  0 .25  x 106 lymphocytes 
per ml as conpared to  unstim ulated cu ltu res o f  1 x  10 lymphocytes 
per ml is  p rob a b ly  o f  no rea l s ig n if ic a n c e .
Duration o f  c u l t u r e . R esults ( f ig u r e  17) in d ica te  that the uptake 
o f  la b e lle d  thym idine by the stim u lated  cu ltu res in creased  at a 
constant rate  f o r  two days fo llo w e d  by a furth er  in crea se , at a 
sonewhat reduced r a te , to  reach a maximum on the th ird  day. In the 
unstiiuulated c u l tu r e s , a constant rate  o f  in crea se in  thymidine 
uptake occu rred  fo r  up to  th ree days.
Concentration  o f  t r it ia te d  thym idine. A concen tra tion  o f  2 uCi per 
ml o f  t r i t ia t e d  thymidine gave a h igh er  count than d id  1 uCi per ml 
(fig u r e  18 ). However, because o f  the high cos t  o f  t r it ia t e d  
thym idine, a con cen tra tion  o f  1 uCi per ml o f  cu ltu re  was adopted
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¡.16 E ffe c t  o f  lymphocyte concen tra tion  on the in corporation  o f
( ^H) thymidine. (•-------- • )  Mean ♦ a .e . mean o f  PHA-stimulated
lymphocytes from four d on ors . (o — O) Mean ♦ s .e .  mean o f  
the corresponding cu ltu res  o f  unstimulated lymphocytes.
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F i g . 17 E ffect o f  length o f  cu ltu re  on the in corporation  o f  ( 3H)
thymidine. (•----- • ) Mean ♦ » .e .  mean o f  PHA-st im ulated
lymphocytes from e igh t donors. (O----- O) Mean + s .e .  mean
o f the corresponding cu ltures o f  unstimulated lym phocytes.
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F ig .18 E ffe c t  o f  concen tra tion  o f  (^H) thymidine on the
in corp ora tion  o f  la b e l. (•———•) Mean ♦ s . e . mean 
o f  PHA-atimulated lymphocytes from four donors.
(O— o )  Mean ♦ s .e .  ne an o f  the corresponding cu ltu res  
o f  unstimulated lymphocytes.
Duration o f  the p u ls in g  p eriod . As in d icated  by the reau lta  
d ep icted  in  f ig u re  19, the length  o f  the pu lsin g  period  does n ot 
exert much in f lu e n ce  on thymidine uptake over a period  o f  2 to  
24 hours. A p e r io d  o f  s ix  hours was considered  to  be op tim a l, 
although the d if fe r e n c e s  are on ly  marginal.
Optimal c o n d it io n s  f o r  the response o f  lyap h ocy tes  to  phyto^ 
haem agglutin in . R esu lts  o f  the experiments conducted on the 
e f fe c t  o f  v a r ia b le s  on the response o f  lyng>hocytes to  PHA ^
in d icated  that con cen tra tion s  o f  1 pg o f  PHA per ml and 1 x  10 
lymphocytes per m l, cu ltu red  fo r  three days with 0 .1  pCi per 
ml o f  ( 3H )-thym idine added s ix  hours b e fo re  h arvestin g  p rov id es 
optimal or  near-optim al c o n d it io n s .
Comparison o f  the r e a c t iv ity  o f  lymphocytes to phyto^ 
haem agglutinin under optimal t e s t  cond ition s a f t e r  storage 
fo r  one hour and tw enty-four hours in  suspension medium.
H eparin ized  blood  was mixed with an equal volume o f  
S-MEM (Suspension ) medium for  p reserva tion  o f  the lymphocytes 
(Dr. H il l ia r d  F e s te n s te in , persona l coranunication), and a llow ed  
to  stand fo r  tw en ty -fou r  hours a t room temperature (approx. 20 C ) . 
Blood fo r  im e d ia t e  p rocessin g  from  the same donors was a ls o  added 
to  the same nediun as a convenient means o f  ob ta in in g  a 1:2 
d ilu t io n  o f  the b lo o d  p r io r  to  separation  o f  the lym phocytes.
With the la t t e r  sam ples, however, procedures fo r  the is o la t io n  
o f  the lymphocytes and th e ir  c u l t iv a t io n  in  the presence o f  PHA 
were conmmnced a f t e r  about one h ou r. Samples preserved fo r  tw en ty- 
four hours were p rocessed  on the fo llow in g  day. As i s  obv ious 
from the r e su lts  shown in fig u re  20 , d if fe r e n ce s  between the 
corresponding  p a ir s  o f  re su lts  were not s ig n if ic a n t  when te s te d  
s t a t i s t i c a l l y  by th e  method fo r  comparing two counts with P o isson  
d is tr ib u t io n s .
D eterm ination o f  a dose response curve to tetanus toxo id  in  non^
r e a c to r s .
In order  to  provide a dose response curve fo r  tetanus 
toxo id  as a guide f o r  the s e le c t io n  o f  su ita b le  t e s t  con cen tra tion s


fo r  the r e a c to r  group, the response o f  lymphocytes from non­
rea c to rs  was in vestiga ted  f o r  four d i f fe r e n t  con cen tra tion s  o f  
the an tigen . Results o f  the in v es tig a tion s  are shown in  fig u re  
21. Maximum uptake o f  thym idine occurred  at 50 ug/ml o f  tetanus 
to x o id , but the d iffe re n ce s  in  uptake at the fou r  concen tra tion s 
tested  are m inim al. However, d i f fe r e n ce s  in  the response o f  non­
rea c to rs  to  tetanus toxoid  acco rd in g  to age are apparent, as 
in d icated  in  fig u re  22, d e sp ite  the fa c t  that there were on ly  
four su b je c ts  in  the upper age group.
Conparison o f  the lymphocyte response o f  r e a c to rs  and non­
reactors  to  tetanus toxo id  and to  PHA.
S ince  F itzgera ld  (1971 ) has shown that the con cen t­
ra tion  o f  PHA producing maximal response is  not the con cen t­
ra tion  that a llow s the most s e n s it iv e  d iscrim in a tion  between 
normal and abnormal responses, lymphocytes o f  rea c to rs  and non- 
reactors  were tested  aga inst two concen tra tion s o f  tetanus tox o id , 
v iz :  10 « /m l  and 50 ug/ml; and against two con cen tra tion s  o f  
PHA, v iz :  0 .1  ug/ml and 1 pg /m l.
R eactor t e s t  group. Blood was c o l le c t e d  from t h i r t y - s i x  reactors  
-  t ig h t  fem ales and twenty m ales. A ll responded in  v i t r o  to  
l  ug/ml o f  PHA. However, o n ly  tw enty-eight responded t o  one or 
both t e s t  concen tra tion s o f  tetanus to x c id . R esu lts o f  tra n s­
form ations t o  tetanus tox o id  in  four o f  the rea c to rs  were 
in va lid a ted  by  a fa ilu re  in  the carbon d iox id e  supply to  the 
incubator w ith  the consequent development o f  ar. a lk a lin e  pH in 
the lymphocyte cu ltu res ; th is  i s  known to reduce the thymidine 
uptake d ra m a tica lly  (Hughes A Caspary, 1970 ). Another fo u r  o f  
the re a c to r  group gave e x ce p t io n a lly  high counts f o r  the lympho­
cyte  c u ltu re s  without an tigen , i . e .  two o r  three times the usual 
counts f o r  c o n t r o l  cu ltu re s , and these exceeded the counts 
obtained in  the presence o f  an tigen . Of the tw en ty-eigh t 
rem aining, twenty-seven rea c ted  to  tetanus tox o id  at a con cen t­
ra tion  o f  lO ug/ml and tw enty-one reacted  to  50 ug/m l. Only one 
reacted  to  50 ug/ml o f  tetanus toxo id  and not to  10 u g /m l.
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The d is tr ib u tion  o f  r ea c tion s  in the tw enty-eigh t rea c to rs  who 
showed some response to  tetanus to x o id  in  v itr o  is  given in 
ta b le  39.
At the time o f  sampling, none o f  the reactors  was 
taking oral con tra cep tiv es  o r  any m ed ica tion . C igarette  
smoking and the occurrence o f  any r e ce n t  v ir a l in fe c t io n s  were 
n oted . One reactor  had a h is to r y  o f  p e n ic i l l in  a l le r g y , but 
showed no apparent in crea se  in  lym phocyte a c t iv ity  in  the 
c o n t ro l cu ltures con ta in in g  medium a lo n e .
Response to  tetanus toxo id  and PHA. F igu re  23 i l lu s t r a te s  the 
lymphocyte responses o f  the rea c to r  and non-reactor groups to 
10 pg/ml and 50 ug/ml o f  tetanus t o x o id . There was .10 
s ig n if ic a n t  d if fe r e n ce  between the g rou p s , when tested  by t 
t e s t s ,  fo r  responses at e ith e r  c o n c e n tra tio n .
Because o f  the in flu en ce  o f  age on lyng>hocyte 
responses already in d ica ted  ( fig u r e  2 2 ) ,  t tests were a lso  
conducted fo r  the d e te c t io n  o f  s ig n i f i c a n t  d ifferen ces  in  age 
o f  the groups. In the t e s t  o f  response to  10 pg/ml o f  tetanus 
to x o id , the mean age ♦ standard d e v ia t io n  was 41.37 ♦ 8.49 
years fo r  the rea c to r  group, and 39 .37 ♦ 14.82 years fo r  the 
n on -reactor group. In the te s t  o f  respon se  to 50 pg /m l, the 
mean age ♦ standard d ev ia tion  was 4 0 .8 0  ♦ 7.8 years f o r  the 
r ea c to r  group, and 38.81 ♦ 15 years f o r  the non-reactor group. 
There was no s ig n if ic a n t  d iffe r e n ce  w ith  respect to  age o f  the 
rea ctor  and n on -rea ctor  groups by t t e s t s  fo r  e ith er  te s t  
concentration  o f  tetanus to x o id .
Lymphocyte responses to PHA in  the reactor and non­
rea ctor  groups a ls o  showed no s ig n i f i c a n t  d iffe ren ces  by t 
t e s t s .  For a con cen tra tion  o f  0 .1  ug/m l o f  PHA, the mean 
lymphocyte response ♦ standard e r ro r  o f  the mean in  terms o f  
thymidine uptake expressed  as cts /m in /m l was 3.90 ♦ 0 .1 3  fo r  
the reactor group, and 4 .13  ♦ 0 .20  f o r  the non-reactor group. 
For a concentration  o f  1 ug/ml o f  PHA, the mean response ♦ 
standard error  o f  the mean was 4 .85  ♦ 0 .0 6  for  the rea c to r


l b »
group , and 4 .95  ♦ 0 .0 5  fo r  the n on -rea ctor  group.
In flu a n ca  o f  age on the lymphocyte response to  t e tanua toxo id  
and PHA.
Figure 24 shows a decreasing lymphocyte response to 
10 ug/ml o f  tetanus to x o id  with in crea s in g  age o f  the c e l l  donor. 
S ince i t  has been shown that there was no s ig n ific a n t  d iffe re n ce  
in  lymphocyte respon ses according to rea ctor  s ta tu s , the results  
obta in ed  fo r  r e a c to rs  and non-reactors were conbined to  provide 
data f o r  fo r ty -th r e e  s u b je c ts . A nalysis o f  these data showed 
that the r egress ion  equ a tion  is
Y -  5.1626 -  0.0342 x
where Y i s  lo g 1£) c ts /m in /m l for  thymidine uptake, and x i s  age 
in  y e a r s . The c o r r e la t i o n  c o e f f ic i e n t  (r )  has a value o f  
-0 .6 0 7  which is  s t a t i s t i c a l l y  h igh ly s ig n if ic a n t  (p<0 .001).
S im ila r ly , the regression  equation  re la tin g  the 
lymphocyte response to  age o f  c e l l  donor to r  s t im jls r io n  by 
50 ug/ml o f  tetanus to x o id  was ca lcu la ted  as:
Y -  5.0125 -  0.0280 x
where Y i s  lo g -g  cts /m in /m l for  thymidine uptake, and x i s  age 
in  y e a r s . The value o f  r  i s  -0 .5 28 7  which is  a lso  h igh ly 
s ig n i f i c a n t  (p < 0 .0 0 1 ). The s c a tte r  diagram with the regression  
lin e  f o r  these r e s u l t s  is  given in  fig u re  25.
Figure 26 shows the decrease in  lyag»hocyte response 
with advancing age f o r  stim ulation  by 0 .1  ug/ml o f  PHA. The 
re g r e ss io n  equation  i s :
Y -  5.2169 -  0.0326 x
where Y i s  lo g 1Q cts /m in /m l for  thymidine uptake, and x is  age 
in  y e a r s . The va lu e  o f  r i s  -0 .4 2 8  which is  s ig n if ic a n t
(p < 0 .0 1 ).
R esults o b ta in ed  fo r  lymphocyte responses to  1 ug/ml 
o f  PHA a l s o  in d ic a te d  a general trend towards decreasing response 
w ith in c re a s in g  age o f  c e l l  donor, bu t the value o f  r  was not 
s ig n i f i c a n t ly  d i f f e r e n t  from zero.
Age (year*)
D ecrea sin g  lymphocyte response to stim u lation  
by lO ug/ml o f  tetanus toxoid  with in crea s in g  
age f o r  forty -th ree  su b je c ts .
F ig .24
1 b  H
Decreasing lymphocyte response 
by 50 wg/ml o f  tetanus toxoid  v 
age fo r  th irty -seven  su b je c ts .

1 «  u
In sp ec tion  o f  the s c a tte r  diagrams r e la t in g  lymphocyte 
response to  age in  y e a r s  indicated  the presence o f  a few high 
responders in  the u pper age groups. An examination o f  the 
reactor  s ta tu s o f  th e se  p a r ticu la r  su b je c ts  revealed  an in te r e s tin g  
a s soc ia tion  between th e  s ev er ity  o f  th e ir  reaction s to  tetanus 
toxo id  va cc in a tion  and the lymphocyte response -  d esp ite  the fa c t  
that the re a c to r  group  as a whole had shown no s ig n if ic a n t  
d iffe r e n ce  from the n o n -r e a c to r  group fo r  lyng>hocyte response to 
tetanus to x o id . In f ig u r e  24, fo r  exam ple, the s u b je c t  with 
co -o rd in a tes  Cx, y )  o f  59 and 4.56 had shown the most severe lo c a l 
reaction  o f  a l l  th ose  recorded  fo r  the reactor group te s te d , v irs  
a grade 3 r e a c tio n  w it h  erythema and pain in vo lv in g  the whole upper 
r igh t arm. The s u b je c t  w ith  co -o rd in a tes  o f  46 and 4 .57  in the 
sanm fig u re  was a ls o  on e  o f  the few tested  with a grade 3 lo c a l 
r e a c tio n . The " o u t l i e r "  in  figure 25 with c o -o rd in a tes  o f  47 and 
4.95 had produced  a l a r g e  nodule a t the s i t e  o f  in je c t i o n .  However, 
the two probab le  r e a c t o r s  to  primary in je c t io n s  o f  tetanus toxo id  
d id  not show a lym phocyte response which was s ig n if ic a n t ly  higher 
than those o f  o th ers  in  th e ir  age group.
Cosmarison o f  lym phocyte response and an titox in  t i t r e s  in su b jects  
accord ing to age.
Table 40 g iv e s  the d is tr ib u t io n  o f  the r e s u lts  o f  
an titox in  t i t r a t io n s  perform ed on b lood  which had been c o lle c t e d  
a t the same tins; as b l o o d  fo r  lymphocyte a c t iv it y  in  the rea ctor  
group, and w ith in  ab ou t a month o f  the c o l le c t io n  o f  b lood  fo r  
lymphocyte a c t iv i t y  in  the n on -reactor group. Since both reactors  
and n on -reactors  v a r ie d  g rea tly  in th e ir  imnunization h is to r ie s  
with respect to  the number and tim ing o f  th e ir  in je c t i o n s ,  no 
c o rr e la t io n  between a g e  and t it r e s  under these circum stances was 
expected. N e v e r th e le s s , formal t te s ts  were performed fo r  lymphocyte 
a c t iv it y  in  the p re se n c e  o f  10 ug/ml o f  tetanus to x o id  and fo r  
a n titox in  t i t r e s  f o r  th e  age groups 20 to  39 years and 40 to  69 
yea rs . For the pu rpose o f  c a lc u la t io n , the a n titox in  t i t r e s  were 
taken to  be the g e o m etr ic  mean t i t r e s  o f  the range o f  t i t r e s  quoted.
I t t i  *
D is tr ib u tio n  o f  the
TABLE 40
tetanus a n titox in  t i t r e s a o f  th ir ty -
seven su b je c ts  by age groups.
AGE GROUPS
20-39 years 40-69 years
u/ml
0 .0 2 -0 .0 5 1
0 .0 5 -0 .1 - "
0 .1  -0 .2 2 4
0 .2  -  0 .5 1 4
0 .5  -  1 2 5
1 -  2 4 3
2 -  5 3 3
5 -  10 1 “
10 -  20 2 "
2 0 - 5 0 '
Total 16 21
A rithm etic mean t i t r e 3.28 3.92
Geometric mean t i t r e 1.198 0.876
Mean age (years) 31-06 47.81
* Moat o f  these a n tito x in  t it r a t io n s  were performed by Mr. Peter 
Knight o f  Wellcome L a boratories .

A» expected, th e  lymphocyte responses o f  the two groups d i f fe r e d  
s ig n if ic a n t ly  (p<0.001) w h ile  the a n titox in  t i t r e s  f o r  the two 
groups showed no s ig n ific a n t d i f fe r e n c e . A conparison  o f  the 
geonmtric nean t i t r e s  o f  var iou s groups o f  rea c to rs  w ith  that o f  
the n on -r e a c to r  group showed that the former were about tw ice  
the la t t e r  ( t a b le  41 ).
DISCUSSION
Lymphocyte r e a c t iv ity  to  tetanus toxo id  in  v i t r o  i s  the 
outcome o f  th e  in terp lay  o f  many fa c to r s ,  and i t s  c o r r e la t io n  
with r e a c tio n s  observed in v iv o  is  in flu en ced  by many b i o l o g i c a l  
and te ch n ica l v a r ia b le s . In the study reported  h ere , no s ig n if ic a n t  
d iffe re n ce  was found for  the in  v it r o  lymphocyte r e a c t iv i t y  to 
tetanus to x o id  between the group who developed re a c tio n s  to  tetanus 
toxoid  v a c c in a t io n  and the co n t ro l group, but one a s s o c ia t io n  did 
emerge, v iz :  an inverse r e la t io n  between the age o f  the lyng>hocyte 
donor and the degree o f  lymphocyte transform ation  induced by 
tetanus t o x o id . Although a d e c l in e  in  the responsiveness o f  
peripheral lym phocytes to PHA in  the o ld e r  age groups has been 
reported r e p e a te d ly  (P is c io t ta  e t a l . ,  1967 ; Del Pozo P erez e t  a l . 
1973} H allgren  e t  a l . ,  1973; Roberts-Thonson e t  a l . , 1974; Foad 
e t  a l . ,  1 9 74 ). «n age-related  d e c lin e  in  the in  v i t r o  a c t iv i t y  o f  
s en s it iz ed  p e r ip h e r a l lymphocytes to the s e n s it iz in g  an tigen  has 
not apparently  been reported b e fo r e .
D esp ite  the lack o f  s p e c i f i c  lys*>hocyte r e a c t iv i t y  to  
tetanus to x o id  that was demonstrated by the rea ctor  group as a whole 
however, th ree  o f  the fiv e  s u b je c ts  g iv in g  severe (grade 3) lo c a l 
reactions d id  show a higher than normal response fo r  th e ir  age.
Thus i t  i s  l i k e l y  that on ly in  severe r ea c to rs  i s  the in crea sed  
lyng>hocyte r e a c t iv i t y  o f  s u f f i c ie n t  in te n s ity  to  express i t s e l f  
against the background o f  the apparent determ ining in flu e n ce  o f  age 
in  the d e te c t io n  system used. Furthermore, immediate and Arthus 
type r e a c tio n s  probably con trib u ted  s ig n if ic a n t ly  to  the la rg e
p rop or tion  o f  moderate (grade 2) reactora  in  the rea c to r  group.
In th is  con text , and in  l in e  with the observation s o f  Edsall 
(1959); Levine, Ipsen 4 McConfc (1 9 6 1 ); E dsall e t  a l . (1967); 
and Relihan (19 69 ), the geom etric mean a n tito x in  t i t r e  for  
r e a c to rs  was found to  be about tw ice  that fo r  n on -reactors .
O bviously , one important var ia b le  i s  the assessment 
o f  the type and exten t o f  the in v iv o  r e a c t io n s . Immediate,
Arthua type and delayed type h y p e rs e n s it iv ity  rea c tion s  are 
d i f f i c u l t  to  d i f fe r e n t ia te  and eva lu ate  p a r t ic u la r ly  as the 
r ea c tion s  observed are o fte n  o f  a mixed type (F acktor,
B ernstein  6 Fireman, 1972; White e t  a l . ,  1973).
Other v a ria b les  that determ ine or m odify the 
developnmnt o f  a rea c tion  r e la te  t o  the con d ition s  and circum­
sta n ces  o f  the tetanus tox o id  immunization. While e f fe c t s  o f  
a v a r ia b le  such as sex  on re a c tio n s  to  va ccin a tion  might be 
expected  to be r e fle c te d  in  the in  v i t r o  s itu a t io n , the e f fe c t  
o f  the route o f  in je c t i o n  would not be reproduced in  v i t r o .  Yet, 
the route o f  in je c t io n  appears to  be a most important fa c to r  in 
determ ining the in c iden ce  o f  r e a c t io n s ; and one which, in the 
op in ion  o f  Relihan (1 9 6 9 ), has not rece ived  the a tten tion  it  
deserv es . Subcutaneous in je c t i o n  produces more lo c a l  reactions 
than does intram uscular in je c t i o n  (E d sa ll, 1959; Relihan, 1969); 
and, in  f a c t ,  the intracutaneous sk in  te s t  w ith d ilu te d  tetanus 
to x o id  produces rea c tion s  in  most p eop le  ir r e s p e c t iv e  o f  th e ir  
tendency to  give rea ction s  on tetanus toxo id  immunization.
(K it t l e r  et a l . ,  1966; Facktor e t  a l . ,  1972). Indeed, th is  la t t e r  
f in d in g  in va lid a tes  the use o f  such skin  te s ts  as a means o f  
d e te c t in g  p o ss ib le  rea c to rs  p r io r  to  v a cc in a tion . White e t  a l . ,  
(1973) even suggest that the g rea ter  in cidence o f  reaction s 
observed  in  o ld e r  females may be due in  part to  the d i f f i c u l t y  o f  
g iv in g  them a true intram uscular in je c t i o n  because o f  the deeper 
la y ers  o f  subcutaneous fa t  and sm aller muscle mass that ty p ic a lly  
c h a ra cte r iz es  th is  group. No d if fe r e n c e  in  lymphocyte r e a c t iv ity  
acco rd in g  to sex was observed in  the in v e s tig a tio n  reported here, 
but the number o f  females in  the rea c to r  group was comparatively 
sm a ll.
Lymphocyte r e a c t iv i t y  to  PHA is  known to be depressed 
by ora l con tra cep tiv es  (Hagen A Frdland, 1972; F ita g era ld  e t  
a l . ,  1973; Morishma A H enrich , 1974; Barnes et a l . ,  19 74 ), 
and by the intake o f  su ch  substances as phénobarbital (Park &
Brody, 1971) and a s p i r in  (Crout, Hepburn 4 R it t s ,  1975).
Smoking has a lso  been im p lica ted  as a cause o f  depressed immune 
responsiveness (Thomas, H olt 4 Keast, 1974; Nymand, 19 74 ), but 
no d iffe r e n ce  in  r e a c t i v i t y  o f  smokers and non-smokers was observed 
in  the study. The a b sen ce  o f  any obv iou s in creased  r e a c t iv i t y  in  
the con tro l cu ltu res  o f  the one su b je c t  w ith p e n i c i l l in  a l le r g y  was 
not su rp ris in g  in  v iew  o f  the fin d in g  o f  V ischer (1966) that the 
lymphocyte cu ltu res o f  o n ly  two s u b je c ts  out o f  th ir te e n  with 
p e n ic i l l in  a l le rg y  showed a s ig n if ic a n t  p r o l i fe r a t iv e  response, 
as measured by lym phocyte transform ation , in  the presence o f  
p e n ic i l l in .
The exten t t o  which lymphocyte transform ation  to  s p e c i f i c  
antigens c o rr e la te s  w ith  delayed type h y p e rse n s it iv ity  r e a c tio n s  to 
those antigens is  i t s e l f  c o n t ro v e rs ia l. Some in v e s t ig a to r s , e .g .
M ills  (1966 ), Oppenheim (19 68 ), and B ice e t  a l .  (1974) have reported  
a high degree o f  c o r r e la t i o n  or have a t tr ib u te d  o cca s ion a l 
d iscrepa ncies  to  a presum ed higher s e n s i t iv i t y  in  the in  v i t r o  t e s t ;  
whereas o th ers , e .g .  Parkhouse (19 67 ), Loew i, Temple 4 V ischer  (1968 ), 
and Benezra, Gery 4 D a v ies  (1969) have produced evidence which 
disproves the e x is te n c e  o f  a c lose c o r r e la t io n . The exp la na tion  for  
these c o n f l ic t in g  f in d in g s  may be that delayed type h y p e rse n s it iv ity  
reaction s to  various a n tig en s  d i f fe r  in  th e ir  s u s c e p t ib i l i t y  to  
externa l fa c to r s ,  such a s  the in je c t io n  procedure, w ith a consequent 
v a r ia tion  in  th e ir  c o r r e la t i o n  with in  v i t r o  te s t  system s; but 
tech n ica l and b i o l o g i c a l  v a r ia b les  a f f e c t in g  the in  v it r o  te s t s  must 
a lso  be p a r tly  r e s p o n s ib le .
In the lym phocyte transform ation te s t  used h ere , steps 
were taken to  minimize known v a r ia b i l i t y  due to  major fa c to r s  at 
le a s t . Thus, g ra n u lo cy tes  were removed from the te s t  system by 
is o la t io n  o f  the lym phocytes on a F i c o l l - T r i o s i l  gra d ien t s in c e  Hinz 
4 Chickosky (1972) dem onstrated a marked in h ib ito ry  e f f e c t  on 
thymidine uptake w ith  th e  addition  o f  g ranu locytes  to  lymphocyte 
cu ltu res stim ulated by  PPD; and Moore, Heyworth 4 Brown (1974) 
found a s ig n if ic a n t  in v e r s e  co rr e la tio n  between the percentage o f
granulocytes in  th e ir  leu cocy te  c u ltu re s  and response to  0 .1  ug 
o f  PHA. A fter i s o la t io n , the lymphocytes were washed to  remove 
tetanus a n titox in  in order to  a v o id  the stimulation which is  
produced in  lymphocytes by a n ti gen-antibody complexes (Bloch- 
Shtacher, Hirschhorn «  Uhr, 1968; M oller, 1969). The foe ta l 
c a l f  serum which was added to the cu ltu re  medium was a lso  vetted 
fo r  the presence o f  tetanus a n t i t o x in  for  the same reason. The 
lymphocyte concen tra tion , d u ra tion  o f  culture, and length o f  
pulsing period  fo r  the tetanus to x o id  system were consonant with 
conditions used by others fo r  lym phocyte transformation to  
sp e c i f i c  antigens (Hinz & C h ick osky , 1972) Including tetanus 
toxoid  (Dukes, Parsons & Stephens, 1969).
Although the l o g is t i c s  o f  the study n ecessita ted  the 
storage o f  the b lood  samples f o r  24 hours in a suspension medium 
p rio r  to is o la t io n  o f  the lym phocytes, this did not a f fe c t  the 
re a c tiv ity  o f  the lymphocytes to  PHA when tested under optimal 
conditions fo r  reproducib le  r e s u l t s  and the qua ntita tive measure­
ment o f  PHA stim u lation . As Tennant (1964) has shown, the testin g  
o f  the a c t iv it y  o f  c e l l s  i s  a more sen sitive  means o f  assessing 
any c e llu la r  damage than is  the dye exclusion te st so  i t  may be 
in ferred  that storage o f  the lym phocytes does not in te r fe re  with 
th e ir  a b i l i t y  to  react to  tetanus to x o id  either.
In magnitude, c o n s is te n c y , and r e p ro d u cib ility , the 
lymphocyte responses obtained w ith  PHA stimulation resenfcled those 
reported by F itzgera ld  (1972) and Yamamura (1973) who a lso  
explored the e f f e c t  o f  te ch n ica l and other variables on a 
quantitation  o f  the response. The general agreement between the 
resu lts  obtained with the technique and those found by others 
vindicates the use o f  the s im p li f ie d  harvesting procedure employed 
and endorses the general r e l i a b i l i t y  o f  the methodology.
The harvesting  procedure was a modified vers ion  o f  the 
culture ex tra c tion  method o f  Penhale et a l . (1974). In th e ir  
technique, cu ltu res  from micro p la t e s  were transferred , a fter  
resuspension, to  nunbered d ia cs  on a pin-board fo r  d ry ing . When 
d ried , the d is c s  were removed from  the pin-board, and placed in a 
large flask  in  which they were s u b je c te d  to a se r ie s  o f  communal 
rinses in p rocessin g  s o lu t io n s . They were subsequently removed
from Che f la s k , and re -d r ied  on sheets o f  absorbent paper b e fo r e  
being placed in  s c in t i l la t io n  f lu id  fo r  counting. Penhale e t  a l . 
(1974) compared the r e p r o d u cib ili ty  o f  lymphocyte transform ation  
te s ts  using th is  method o f  harvesting with te s ts  using the pop u la r  
method o f  m anifold f i l t r a t i o n ,  and showed that the c o e f f i c i e n t  o f  
var ia tion  in the f in a l  counts was considerably  lower fo r  th e ir  own 
method. To f a c i l i t a t e  the handling o f  a large number o f  
specimens by a s in g le  operator fo r  the study reported  h ere, 
the "dry and communal r in se " system was further s im p li fie d  by 
leaving the d iscs  on the pin-board throughout the p rocedure.
For th is  purpose, the pin-board was constructed o f  p la s t ic  m a teria l 
re s is ten t to  the a c t ion  o f  the p rocessing  so lu tio n s , and the 
p la s t ic  pin -boards were accomnodated in  photographic deve lop in g  
dishes fo r  exposure o f  the d is cs  to the s o lu tion s .
Another probable advantage o f  the s im p lified  sampling 
and harvesting  procedure, as compared to  the m anifold f i l t r a t i o n  
technique, is  that the former method resu lts  in a much sm aller 
amount o f  p re c ip ita te d  prote in  and DNA on each d is c .  This i s  o f  
inqportance because o f  the s e l f  absorption  problem a ssocia ted  w ith  
the d is c  method fo r  counting p re c ip ita te s  contain ing  t r it ia te d  
thymidine. The deposited  saddles must form an "extrem ely th in  
la yer" (P r ice , 1973) i f  excessive  s e l f  absorption is  to  be a v o id ed .
A d is tu rb in g  aspect o f  the resu lts  obtained fo r  lympho­
cyte transform ation to  tetanus tox o id , however, was the high 
background counts that sometimes occurred . "F a ilu res” to  rea c t 
to  one or  both t e s t  concentrations o f  tetanus toxo id  were alm ost 
invariably  due to  a high count fo r  the con tro l cu ltu res con ta in in g  
medium only rather than to  a low count fo r  the te s t  cu ltu res 
contain ing tetanus to x o id . Foetal c a l f  serum has been im p lica ted  
as the constitu en t o f  the medium most l ik e ly  to  cause such high  
background counts. Johnson & R ussell (1965) reported that the 
reaction  o f  human lymphocytes to  fo e ta l c a l f  serum showed an 
upsurge at seven to  e igh t days in  cu ltu re , whereas the lymphocyte 
response to  s p e c i f i c  antigen was maximal at f iv e  to  s ix  days;
b u t  Wilson (1966) found that ion* human lymphocytes responded 
t o  th e  presence o f  f o e ta l  c a l f  serum with a marked pro­
l i f e r a t i o n  on the f i f t h  day. W ilson (1966) suggested that the 
p ro p e n s ity  o f  the lymphocytes from c erta in  in d iv id u a ls  to  
respon d  to c a l f  serum p ro te in s  may r e f le c t  a t o p ic  s e n s i t iv i t ie s  
on  the part o f  these donors, bu t th is  i s  not the only 
e x p la n a tion , nor the most probab le  one. As po in ted  out by 
B loom  e t a l .  (19 73 ), both  human and c a l f  serum supplements may 
c o n t a in  ce rta in  substances such as ABO or  HLA an tibod ies  which 
a c t iv a t e  lymphocytes d i r e c t ly ,  as w e ll as n a tu ra lly  occu rr in g  
and c ross  rea ctin g  an tib od ies  that may form an tigen -a n tibody  
com plexes which can stim ulate n o n -sen s it ized  lym phocytes. 
D esp ite  these problem s, the consensus o f  op in ion  and experience 
as a l s o  enuncia fed by Bloom e t  a l .  (1973) — is  that stim u lation  
o f  lymphocytes by s p e c i f i c  antigen  usually  does seem to  requ ire  
th e  presence o f  serum supplements in  the medium.
The in  v i t r o  lymphocyte transform ation  t e s t ,  although 
a conven tiona l te s t  f o r  c e l l  mediated immunity a ssocia ted  with 
T c e l l  a c t iv i t y ,  a lso  measures some B c e l l  a c t iv i t y .  This has 
b een  c le a r ly  demonstrated fo r  the tetanus to x o id  system by Geha 
e t  a l .  (1973) who used the method o f  d en s ity  gra d ien t c e n t r i ­
fu g a t io n  in bovine serum albumin o f  August e t  a l . (1970) fo r  the 
se p a r a t io n  o f  human B and T c e l l s  o f  donors immunized with 
t e t  inua tox o id . They showed that cu ltu re  f lu id  supernatants 
from  tetanus toxo id -s tim u la ted  T c e l l s  contained  a so lu b le  
p rod u ct  which, in  the presence o f  antigen  (Geha & M erler, 1974 ), 
cau sed  b la st  transform ation  o f  a p rop ortion  o f  the B c e l l s  with 
th e  concom itant p roduction  o f  an tibody . A ntigen  alone was 
in ca p a b le  o f  tr ig g e r in g  the B c e l l s  in to  b la s t  transform ation  
and the se cre tion  o f  an tibody . What the in  v i t r o  transform ation  
t e s t  measures then is  not on ly  the lymphocyte transform ation  o f  
s e n s it iz e d  T c e l l s  to  the s e n s it iz in g  an tigen , but a ls o  tue 
lym phocyte transform ation  o f  those B c e l l s  which respond to  the
m itogen ic p ro d u c t  o f  the stim ulated T c e l l s .  I t  is  th is  
confcined a c t i v i t y  o f  the lymphocytes from tetanus tox o id -  
immunized d on ors which shows a steady decrease with advancing 
age on tetanus to x o id  stim u lation . An increased  lymphocyte 
r e a c t iv it y  in  se v e r e  reactors  on ly may be detected  super­
imposed on the age e f fe c t .
DISCUSSION AND CONCLUSIONS
Findings in the study o f  the r e ls t io n  betw een timing 
o f  maternal tetanus toxoid  in je c t io n s  and the p resen ce  o f  
p r o te c t iv e  a n titox in  t it r e s  in th e ir  babies at d e l iv e r y  re­
emphasize the v a r ia b i l i t y  in itwnune responsiveness th at 
ch a ra cte riz es  a popu lation . P red iction s based on th e  results 
o f  such s tu d ies  can only be made in terms o f  p r o b a b i l i t ie s ,  
th e r e fo r e . In sp ite  o f  th is  lim ita tion , i t  may be concluded 
that the adm in istration  o f  the f i r s t  o f  two standard doses of 
adsorbed tetanus toxo id  at lea st 70 days be fore  d e l iv e r y  provides 
a reasonably acceptab le  rate o f  p ro te ction  which in crea ses  
s ig n if ic a n t ly  as the period  between f i r s t  in je c t io n  and delivery 
i s  in creased  beyond 70 days. Any f i r s t  in je c t io n  g iv e n  less 
than 70 days from d e liv ery  has only a 502 chance o f  re su ltin g  
in  a p ro te c t iv e  le v e l o f  an titox in  in  the baby. A s in g le  dose 
o f  standard tetanus toxo id  given le s s  than 60 days b e fo r e  
d e liv e r y  is  not e f f e c t iv e .
P r e c ise ly  on e-th ird  o f  the to ta l number o f  paired 
maternal and cord sera assayed fo r  the determ ination  o f  cord / 
maternal r a t io s  gave a value o f  2 fo r  that r a t io .  R atios  greater 
than 1 are in d ic a tiv e  o f  a m aterno-foetal passage o f  antibody 
aga inst a concentration  gradient i . e .  are evidence f o r  an active 
transport mechanism. The mean number o f  days from second 
in je c t io n  to  d e liv e ry  fo r  th is  group was about 60 as compared to 
36 days fo r  the group in which maternal and cord a n t i t o x in  t it r e s  
were the same. This suggests that the a c t iv e  tra n sp ort  mechanism 
e ith e r  develops slow ly  with time from the second i n je c t i o n ,  or  is  
a slow  mechanism which only becomes evident with tim e from the 
second in je c t i o n . A r e la t iv e ly  slow p la cen ta l t r a n s fe r  mechanism 
that i s  favoured by Longo (1972) fo r  antibody tra n sp ort  is  pino- 
c y t o s is ,  a common but p oorly  understood c e l lu la r  p ro c e s s  in which 
so lu tes  and f lu id s  are invaginated by p ortion s o f  th e  c e llu la r  
membranes and transported across the c e l l .  Some su p p ort for  the 
op era tion  o f  th is  mechanism o f  transport in  the p la ce n ta  has 
come from the demonstration by e le c tron  m icroscopy o f  the presence 
o f  sd cr o p in o cy to tic  v e s ic le s  contain ing high c on cen tra tion s  o f  
p ro te in  in  the placenta  o f  bats (Stephens, 1969). S im ila r  studies
on human placenta combined with h is to ch em ica l and immuno­
chem ical techniques fo r  id e n tify in g  the nature o f  the contents 
o f  any v e s ic le s  found may provide in form a tion  on the p oss ib le  
inportance o f  th is  mechanism in the tra n sp ort o f  antibody from 
mother to foetu s .
Results o f  in v estig a tion s  in to  the in  v itr o  r e a c t iv ity  
o f  lymphocytes from rea c to rs  to tetanus toxo id  showed that only 
in  a few o f  the severe reactors  was th ere  any evidence fo r  an 
increased  response to  tetanus toxo id  antigen  as measured by 
thymidine uptake with lymphocyte tran sform a tion . However, the 
r e s u lts  did reveal a c lea rcu t d ecreasin g  lymphocyte r e a c t iv ity  
to  tetanus toxoid  w ith increasing  age o f  the lymphocyte donors.
An inverse r e la tio n  between age and r e a c t iv i t y  to a s p e c i f i c  
an tigen  in v it r o  has not apparently been reported p rev iou s ly , 
although an a g e -re la ted  declin e  in  PHA responsiveness i s  w ell 
e s ta b lish e d , and a reduction  in the actu a l nunfcer o f  c ir c u la t in g  
T c e l l s  with age, as estim ated by th e ir  rosette -form in g  
c a p a b i l i t ie s ,  has a ls o  been demonstrated (Smith, Evans & S tee l, 
19 74 ). The fin d in g  is  relevant to  the insnuno log ica l th eor ies  
o f  ageing as expounded by Burnet (1970) and Walford (19 74 ); 
and, in  p a r t ic u la r , supports the im portance o f  a gradual declin e  
in  thymus-re la ted  insnune functions in  the ageing p rocess .
F u rther, a d e c l in in g  lymphocyte r e a c t iv i t y  to  tetanus toxo id  with 
age is  not incom patible w ith the observed  age-re la ted  increase in  
in c iden ce  o f  general autoinmune phenomena, or  even in  s p e c i f i c  
rea c tion s  to  tetanus toxo id  immunization, sin ce  many c l in ic a l  
and experimental s tu d ies  have shown that primary immunodeficiency 
d isea ses  in man as w e ll as insnunodeficiency disease produced by 
neonatal thymectomy and that develop ing during ageing in  exp eri­
mental animals are a l l  accompanied by sev era l autoimmune phenomena 
and d iseases in  high frequency (Good & Yun is, 1974). Any immuno­
l o g ic a l  theory fo r  ageing must take in to  account th is  sp ec ia l 
fea tu re  o f  the a g e -re la ted  functiona l d e c l in e  o f  the thymus v iz :  
that as the normal immune response d e c l in e s ,  autoimmunity becomes 
in crea s in g ly  ev id en t. In th is  c on n ection , Walford (1974)
postu la tes  that fa ilures in  the hom eostatic c o n t r o l  o f  to le ra n ce  
and suppressor smchanisms are involved in  th e  -mergence o f  
p o te n tia lly  s e l f - r e a c t iv e  c e l l s  a r is in g  by som atic  m utations, 
while Burnet (1970) eng>hasizes the im portance o f  the lo s s  in  
thymus-dependent function a l capacity  fo r  insnunological su rv e i lla n c e  
in  dealing  with emerging c e l lu la r  anom alies. Further s tu d ies  are 
indicated  on the age -re la ted  response o f  pure populations o f  T 
c e l ls  to  various antigens. The p o s s ib i l i t y  o f  a d iffe r e n ce  in 
responses to antigens depending on whether th ey  are " e x t r in s ic "
i . e .  fo re ig n  o r  " in t r in s i c " ,  i . e .  s e l f ,  as has been shown to  occur 
in antibody production  with advancing age (Row ley, Buchanan 4 
Mackay, 1968 ), should be borne in  mind in  the in te rp re ta tion  o f  
such s tu d ies .
In a dd ition  to  the find ings d is c u sse d  above, s tu d ies  
on the immune response to tetanus toxo id  have resulted  in :
(a ) a method f o r  the t it r a t io n  o f  tetanus a n t i t o x in  by to x in  
n eu tra liz a tion  in  steps o f  tw ofold  d ilu t io n s  from 0.001 unit per 
ml with small volumes o f  serum. T itra tio n  from  the lower lim it 
o f  the range, which va r ie s  accord ing to the to x in  te st d ose , 
requires 0 .6  ml o f  serum. For most a n t is e r a , however, the tox in  
dose le v e l and the range o f  serum d ilu t io n s  f o r  te st in g  can be 
chosen so that an in i t i a l  serum d ilu t io n  o f  1 :2  or  g reater w il l  
s u f f i c e .  This means that on ly 0 .3  ml o f  serum is  then req u ired .
The method is  s in g le  and econom ical, and the r e su lts  obtained  are 
accurate and reproducib le  provided that no s ig n if ic a n t  v a r ia tio n  
occurs in  the body weight o f  the mice used.
(b) the determ ination o f  the varia b les  a f f e c t i n g  the t i t r a t io n  o f  
tetanus a n tito x in  by the in d ire ct  haem agglutination  technique with 
g lu ta ra ldeh yde-fixed  sheep c e l l s .  When the technique is  conducted 
under optimal c o n d it io n s , i t s  high s e n s i t iv i t y  provides a 
r e lia b le  method fo r  d e te c t in g  the presence o f  a n titox in  in  sera .
In a d d it ion , s e n s it iz a t io n  o f  the c e l l s  under optimal con d it ion s  
promotes th e ir  r e a c t iv ity  with equine s tandard  an titox in  so  improving 
the c o rr e la t io n  between haemagglutinin t i t r e s ,  as estim ated by a 
comparison with the haemagglutinating a c t iv i t y  o f  the standard, and 
t it r e s  obtained  by toxin  n eu tra liz a tion . The use o f  a d ilu en t
conta in in g  2-m ercaptoethanol fo r  in a c t iv a t io n  o f  tha IgM in  a era 
a lso  con trib u tes  to  an improved c o r r e la t i o n  between the t it r a t io n s ,
( c )  a means o f  determ ining the presence o f  te ta n u s -s p e c i f i c  IgM 
by an in d ir e c t  imnunofluorescence te ch n iq u e  with tetanus to x o id -  
coated  Sepharose beads as an tigen . P r io r  ab sorption  o f  the sera 
w ith p ro te in  A be fo re  te s t in g  removes m ost o f  the IgG so  reducing 
the com petition  fo r  an tigen ic  s i t e s  a v a i la b le  to IgM. The 
su ccess fu l adaptation  o f  m ic ro titre  te ch n iq u es  to  the t e s t  system 
s ig n if ic a n t ly  reduces the m anipulations and m ateria ls req u ired .
The use o f  th is  technique d id  not p ro v id e  evidence f o r  the trans­
p la cen ta l passage o f  tetanus toxo id  by th e  dem onstration o f  
te ta n u s -s p e c if i c  IgM in cord  b lo o d . H owever, i t s  a p p l ic a t io n  to 
the d e te c t ion  o f  s p e c i f i c  IgM in m aternal s era  showed th at 
p roduction  o f  te ta n u s -s p e c ific  IgM o c c u r r e d  freq u ently  a f t e r  the 
second dose o f  tetanus to x o id . The f in d in g  is  in  agreement with 
a p rev ious report on a high frequency in  the produ ction  o f  tetanua- 
s p e c i f i c  IgM a f t e r  re -v a cc in a tion s  w ith  teta n us to x o id ; and 
enq>hasizes th a t , in th is  regard , the iranune response t o  tetanus 
toxo id  does not appear to  be ty p ic a l o f  insnune responses in  genera l.
The use o f  tetanus toxo id  as a n tig e n  fo r  s tu d ie s  on the 
human insnune response has provided in fo rm a tio n  on insnunological 
phenomena that concern man b e fo re  b ir th  and in  o•Id ag e .
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Appendix (1)
Tetanus Toxin»
Toxins from the N etherlands, designated N o.954 and 
No.956, were produced by ammonium sulphate p re c ip ita tio n  
(100Z sa tu ra tion ) o f  a cu ltu re  f i l t r a t e  o f  C lostridium  te ta n i  
s tra in  CN655 obtained o r ig in a lly  from the Wellcome Research 
L a b ora tor ie s . The p re c ip ita te s  were d r ied  over phosphorus 
pen tox id e , d is tr ib u te d  in  ampoules, and fre e x e -d r ie d . The 
tox in s were supplied  by:
Dr. J . Nagel,
R ijks Institu u t Voor de Volksgezondheid,
Antonie van Leeuwenhoeklaan 9 ,
Postbus 1,
B ilthoven ,
The N etherlands.
The B rit ish  to x in , No.682-C2, had been used p r e v io u s ly  
fo r  c a l ib r a t io n  o f  the B rit ish  Standard A ntitox in  aga inst th e  
In tern ation a l Standard. I t  i s  unusual in that the L f value i s  
the same as the L* value. A sample was obtained from:
Wellcome Research L a borator ies ,
Beckenham,
Kent., BR3 3BS.
L+ and MLD values o:F the to x in s :
Toxin L * /100 L+/1000 L+/400Q Lp/lOOOO
Dutch N o.954: 44 ug 4 .3  pg 1 . 1  ug 0 -1 2  « 8
Dutch No.956: 52 ug 5.2  ug 1.3  ug 0 .1  u g
B rit ish  No.682-C2: 24xlO_4ml 2.4xlO_4ml 0.6x10 4 ml
Appendix ( i i )
Standard Tetanus A ntitox ins
The Third B rit ish  Standard fo r  Tetanus A n titox in , 
e s ta b lish ed  in  1963, i s  a v a ila b le  from the Medical Research C ou n cil
s ou
On« unit ia th« a c t iv i t y  contained  in 0.3304 mg o f  the p reparation . 
When a l l  the content« o f  an ampoule are d ia ao lved , the so lu tio n  
contains 230 in te rn a tion a l u n its  o f  tetanus a n t ito x in . It is  
stored  in  the dark below 0°C . A sample (N o.60 /1 3) was obtained
D iv is ion  o f  Immunological Products C on tro l,
N ational I n s t itu te  fo r  M edical Research,
Hampstead L a b ora tor ie s ,
H olly  H il l ,
Hampstead,
London, N.W.3.
The U.S. Standard Tetanus A n tito x in , lo t  N o.E llA , contained 5 
in tern ation a l u n its  per ml as supp lied . It was obtained  from: 
D iv is ion  o f  B io lo g ie s  Standards,
N .I .H .,
Bethesda,
Maryland, 20014,
U.S.A .
This standard was stored  in  l iq u id  form at about 4°C as d ire cte d . 
Appendix ( i i i )
Phosphate B u ffered  Saline (Oxoid)
(D ulbecco A V ogt, 1954)
8 g
0 .2  g
1.15 g
0 .2  g
1000 ml
pH -  7 .3 /7 .4
Appendix ( iv )
Human Tetanus Immunoglobulin
"Tetagam", a p repa ra tion  o f  human tetanus immunoglobulin, 
i s  manufactured accord in g  to  a m od ifica tion  o f  Cohn's c o ld  ethanol 
fra ct ion a tion  p rocess  fo r  use in  the p rophylaxis and therapy o f
kh2 po4
D ist . water
tetanus. When recon stitu ted , each 1 ml o f  the a o lu tio n  contains 
approximately 250 I.U . Samples were supplied by:
Behringwerke A k tien g ese llsch a ft,
355, Marburg (Lahn) 1,
P ostfach  1130,
Appendix (v )
Scheme for the preparation  o f  d ilu tio n s  at c lose  in te r v a ls  within 
a twofold d ilu tio n  step .
A n tilog  o f  the d i lu t io n  interval -  _a_
a -0
where a is  the t o ta l  s ta rtin g  volume and 0 is  the volume o f  d ilu tio n  
For a d ilu tion  in te rv a l o f  log  0 .0 5 , _ o _  -  a n tilog  0 .0 5  -  1.122.
Hence a -  1.122 (a- 0 )  -  1.122 -  1.122« -  1.1220.
I f  0 -  1 ml, then a -  1.122 „  9 2 mi .
0.122
Thus the s ta rtin g  volume is  9 .2  ml o f  a 1:2 d ilu tio n  and the rep lace ­
ment volume i s  1 ml.
R esulting d i lu t io n s  Log o f  di lu t io n s
1:2 T. 70
1 :2 .2 4 r .6 5
1:2 .5 1 T.60
1:2 .81 T. 55
1 :3 .1 5 1 .50
1 :3 .5 3 T.45
1 :3 .9 5 T .40
1 :4 .4 3 T . 35
were conducted using e igh t mic<t per d i lu t i i

Appendix ( v i ü )
n .eh ltn n . b u tte r  to r  i — e t n .l . c t t o o h o r e .ia  
(Campbell e t a l . .  1970)
Sodium ba rb itone 
0.1N HCl 
D ia t. water
pH -  8 .2 }  Ion ic  strength  ( I )  -  O
Appendix  ( i x )
C ulture medium fo r  Staphylococcus aureus 
(A rvidson , Holme 4 Wadström, 1971) 12
1. Casamino ac id s  (D ifco )
Yeast e x tra c t  (D ifco )
Sodium B -glycerophosphate
Sodium la c ta te  (50Z v /v )
Na2HP04 . 2H20
kh2po4 
(nh4) 2so4
dl-tryptophane 
1 -cy s tin e  
Agar (Davis)
D is t . water
2. Vitamin stock  s o lu t io n :
N ic o t in ic  a c id  (B.D.H. -  " n i c r o b io l o g i c . l l y  ten ted ” ) 20 mg 
Thiamin, h yd roch loride  e o la t io n , 100 mg/ 1 (W alloon .) 100 ml
40 g 
10 g
(Sigma Chemical C o .)  20 g
10  ml
1 g 
0 .4  g 
1 g 
80 nig 
ÎOO mg 
1 .5  g 
ÎOOO ml
1 5 .8 7  g 
230 ml 
2 l i t r e s
3. Trace elem ents stock s o lu t io n :
MgSOA. 7H20 
MnSO .^ AH20 
FeSOAl  7H20 
C it r ic  s e id
Dist
0 .2  g 
0 .1  g 
0 .0 6  g 
0 .06  g
ÎOO ml
The vita m in  stock s o lu t io n  (N o.2) and the tra ce  elements 
s tock  s o lu t io n  (N o .3) are s t e r i l i z e d  s e p a r a te ly  through a 
s t e r i l i z i n g  type GA-6 tr ia c e ta te  membrane f i l t e r  (Gelman 
Hawksley L t d . ) .  Two ml o f  s o lu tion  No. 2 and one ml o f  
s o lu t io n  N o .3 are added to each 100 ml o f  m elted , cooled 
bulk nedium. The nmdium is  d is tr ib u te d  in  la rg e  s te r i le  
b o t t le s  w ith  f l a t  s id e s  in  s u f f i c ie n t  volume to  provide a 
la yer  on the 150 cm2 area o f  the f l a t  s id e s .
Appendix (x )
C oon 's b u ffe red  b a rb iton e  sa lin e  f o r  insnunofluorescence
(Holborow, persona l communication)
NaCl
Sodium b a rb iton e 10 .3  g 
42 .5  g
IN HC1 
D is t . w ater
4 0 .3  ml 
5 l i t r e s
pH -
Mountant fo r  insnunofluorescence p rep a ra tion s  
(Heimer & T a y lor , 1974)
G ly c e ro l tAR grade)
PVA (P o ly v in y l a lco h o l grade 51-50 E lva n o l) 
D is t . w ater
T rie  b u f f e r  (0.0995 M, pH 8 .5 )
3 8
1 .2  g
3 ml 
6 ml
Preparation  o f  T r is  bu ffer  (0.0995 M. pH 8 . 5 ) :
T r is  (hydroxym ethyl) methylamine (B .D .H .) 2.42 g
N-HC1 3 Bl
D ie t , water to lOO ml
The T r ie  i s  d is s o lv e d  in 95 ml o f  d i s t i l l e d  water; N-HC1 
is  added dropwise u n til  the so lu tio n  i s  pH 8 .5 ; and the 
f in a l  volume is  made up to 100 ml with d is t i l le d  water. 
Preparation  o f  the mountant:
The g ly ce ro l i s  weighed in a S t e r i l in  un iversa l container 
w ith  a con ica l bottom  (S te r ilin  L td . ,  Richmond, Surrey, 
E ngland). PVA (Du Pont C o., U.K. L td . , Du Pont House,
18 Breams B u ild in gs , London, E .C .4) i s  added to the 
g ly c e r o l  in  the bottom  o f  the con ta in er  and st ir red  w e ll .  
Spreading o f  the PVA onto the s id e  o f  the container is  
a v o id ed . When the g ly cero l and PVA are com pletely mixed, 
the water is  added. Tris b u ffe r  i s  then added, and the 
u n iversa l con ta in er  i s  placed in a w ater bath at 50 C 
fo r  about 10 m inutes. The mixture i s  a g ita ted  o cca s ion a lly  
to  d is s o lv e  the PVA. F ina lly , the mixture is  cleared by 
c e n t r ifu g a t io n . The mountant has a good s h e lf  l i f e ,  
remains c le a r , and does not th icken  on storage .
Appendix ( x i i )
Assay o f  tetanus an titox in  in maternal and cord sera: 
a working-week p ro to co l
Monday: T est cord se ra  fo r  antitoxin  le v e ls  by the in d irect haem-
a g g lu t in a tion  technique (IHA). Prior a b sorp tion  o f  the serum 
sang>les i s  not necessary because n o n -s p e c if ic  agglutin ins fo r  sheep 
c e l l s  are absent from c o rd  sera.
Read the r e su lts  o f  the toxin  n e u tra lir a tio n  test performed 
during the previous week.
Tuesday: Determine the I HA titr e a . Croup aera according to the
toxin  teat doae le v e l  requ ired  for  th e ir  asaay on the basis o f  
these t i t r e s .
Perform more IHA te s ts .
Read the r e s u lts  o f  TN tests  performed during the previous
week.
Wednesday: Determine the I HA tit r e s  and group sera accord ingly .
Perform TN te s t s  a t the Lp/lOOOO le v e l .  Since the results  
o f  L p /10000 assays are assessed a fte r  f iv e  days, they w il l  be read 
on the fo llow in g  Monday.
Thursday * Friday : Perform  TN tests at the L+/4000 le v e ls .
Results o f  these te s ts  w i l l  be read a f t e r  four days i . e .  on the 
fo llow in g  Monday and Tuesday.
The maternal se r a  are subsequently t itr a te d  by the TN test 
without in i t i a l  determ ination  o f  th e ir  an titox in  t it r e s  by the I HA 
test s in ce  i t  has been found that the TN t it r e s  fo r  paired maternal 
and cord sera  u su a lly  d i f f e r  by no more than one tw ofold d ilu tio n  
in te r v a l. This procedure avoids the need fo r  any serum absorptions 
p r io r  to IHA te s t in g .
Appendix ( x i i i )
Complete S-MEM (Suspension) medium
S-MEM (Suspension) medium with Earles sa lts  
but w ithout 1 -g lu tam ine 
HEPES (1M) b u f fe r ,  pH 7 .3  
P en ic ill in -S trep tom y c in  so lu tion
(lOOOO U/ml A lOOOO wg/ml re sp .)
Kanamycin s o lu tio n  (lOOOO ug/ml)
100 ml
2 ml 
1 ml
1 ml
Final pH 7 .2 /7 .3


